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Articular Cartilage Repair through Muscle  
Cell–Based Tissue Engineering 

(Johnny Huard) 
Contract #: W81XWH-08-0076 

 
Introduction 
 
Using the modified preplate technique, we have isolated a population of early myogenic progenitor cells from 
postnatal skeletal muscle that display stem cell characteristics. We have shown that these ‘muscle-derived stem 
cells’ (MDSCs) can di fferentiate t oward m yogenic, os teogenic, chondrogenic, neurogenic, and he matopoietic 
lineages. Specifically, MDSCs cultured in chondrogenic medium can undergo chondrogenic di fferentiation in 
vitro, a nd M DSCs de livered t o os teochondral d efects di splay good c ell s urvival a nd c an di fferentiate i nto 
chondrocytes that improve the healing of  articular cartilage. We also have observed that bone morphogenetic 
protein 4 ( BMP4) promotes chondrogenic differentiation of MDSCs in vitro and in vivo and that this cytokine 
can trigger chondrogenic differentiation of other populations of muscle-derived cells, including myoblasts (late 
myogenic progenitor cells) and fibroblasts. The proposed project will investigate the use of these populations of 
muscle-derived cells as novel cell sources for articular cartilage repair in osteochondral defects created in nude 
rats. We will investigate the  in vitro chondrogenic potential of  va rious populations of  mouse muscle-derived 
cells ( fibroblastic c ells and early and late m yogenic pr ogenitor c ells) expressing B MP4 and determine t he 
regenerative capacity of these cells after implantation in rat articular cartilage defects. We then will explore the 
relative contributions of these muscle-derived cells’ long-term proliferation, survival, and self-renewal to their 
regenerative capacity after t ransplantation into the cartilage defects (Technical O bjective #1). Next, we will 
determine the c ontributions of  a ngiogenesis a nd s car t issue f ormation t o t he r egenerative capacity of t he 
muscle-derived c ells a nd t o t he ove rall qua lity of  t he c artilage generated w ithin t he treated os teochondral 
defects (Technical Objective #2). This project will increase our understanding of the basic biology of muscle 
cell populations and their possible role in chondrogenic regeneration, and may lead to the development of new 
techniques to improve cartilage regeneration via the transplantation of muscle-derived cells. 

Relevance:  This project will increase our  understanding of  the basic biology of  muscle cell populations and 
their pos sible r ole i n c hondrogenic r egeneration, a nd m ay l ead t o t he de velopment of  ne w t echniques t o 
improve cartilage regeneration via the transplantation of muscle-derived cells. 

 
Body: 
 
1) Technical Objectives: 
Technical Objective #1: Evaluate different fractions of cells obtained from mouse skeletal muscle to identify the 
cell population with the greatest chondrogenic potential and the greatest capacity for cartilage regeneration. 

Hypothesis: Different populations of cells obtained from skeletal muscle, when transduced to express bone 
morphogenetic protein 4 (BMP4), will exhibit different capacities for cartilage regeneration. 
Technical Objective #2:  D etermine t he r elative contributions of  a ngiogenesis a nd f ibrosis on t he c apacity of 
muscle-derived cells to regenerate articular cartilage. 

Hypothesis: The promotion of angiogenesis and the prevention of fibrosis will improve the persistence and 
quality of regenerated cartilage. 
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Progress to Date (3-1-08 to 2-28-10): 
 
1) It was observed t hat fibrogenic cells r esiding in the f ascia ( fascia-derived cells [ FDCs]) in the s keletal 

muscle a re c hondrogenic pr ogenitor c ells. B y d efinition, t he f ascia of  s keletal m uscle i s e pimysium t hat 
covers t he e ntire bod y of  s keletal m uscle. We h ypothesized t hat cells l ocated i n endomysium a nd 
perimysium also pos sess c hondrogenic pot ential; how ever, ph ysically separating t he e ndomysium a nd 
perimysium tis sues f rom s keletal mus cle is  to o difficult to be accomplished.  S ince e ndomysium a nd 
perimysium tissues are contained in the skeletal muscle, muscle derived cells (MDCs) would contain cells 
from e ndomysium a nd pe rimysium a s w ell as ot her popul ations of  c ells. T he c haracteristics a nd 
chondrogenic differentiation of MDCs have been investigated and human FDCs have also been examined. 
Characterization of  M DCs de monstrated t hat t hey contain a t l east t wo populations of  c ells, F DCs a nd a  
population of  m yogenic c ells. Chondrogenic di fferentiation di splayed b y muscle de rived c ells (MDCs) 
implies tha t e ither FDCs, a  popul ation of  m yogenic c ells, or  bot h MDCs a nd FDCs have c hondrogenic 
potential. Mixtures of FDCs and rat L6 myoblasts demonstrated FDCs are the chondrogenic progenitor cell 
fraction of  MDCs, but  t he m yogenic cell f raction of  MDCs pl ays l ittle role i n chondrogenesis.  Findings 
about rat FDCs are also supported by the positive chondrogenic differentiation displayed by human FDCs. 
(Refer to Appendix 1 [Abstract]) 

Intramuscular injection of  bone morphogenetic protein (BMP) has been shown to induce ectopic 
bone formation.  A s in developmental bone formation, a chondrogenic phase is typically observed in 
this process, which suggests that there may exist a  chondrogenic sub-population of  cells r esiding in 
skeletal muscle.  Identification and isolation of this population could yield an important cell source for 
cartilage tissue engineering.  Two prospective cell populations were isolated from rat skeletal muscle: 
fascia-derived cells (FDCs) extracted from gluteus maximus muscle fascia and muscle-derived cells 
(MDCs) isolated from the muscle body.  Both were investigated for their cell surface marker profile 
(flowcytometry analysis), proliferation rate, and myogenic and chondrogenic potentials. The majority 
of F DCs expressed mesenchymal c ell m arkers ( CD29, C D59, a nd C D90) but  not  e ndothelial cell 
markers (CD34, C D31, C D144, vW F, F lk-1 a nd C D146).  F DCs unde rwent c hondrogenic 
differentiation after B MP-4 t reatment i n vi tro, but  not  m yogenic di fferentiation w hen c ultured i n 
myogenic differentiation medium.  Sorting on the basis of CD29 and CD146 expression demonstrated 
that chondrogenic potential correlated poorly with CD29 expression and negatively with CD146.  In 
fact, unsorted FDCs demonstrated significantly higher chondrogenic potential as well as proliferation 
rates t han all ot her sub-populations s tudied.  Although MDCs were s imilar to FDCs in term of  cell 
surface marker profile and chondrogenic potential, they expressed the myogenic cell marker desmin 
and readily underwent myogenic differentiation in vitro.  However, this result is likely confounded by 
the pr esence o f FDC-like cells r esiding in the m uscle peri- and endomysium. To c larify t he role of 
muscle de rived myogenic cel ls i n chondrogenesis, mixed pellets va rying ratios of  F DCs and L6 
myoblasts were formed and studied for chondrogenic potential.  Results suggest that myoblasts did not 
participate i n chondrogenesis. Further s tudies of  human FDCs demonstrated t he pr esence of  s imilar 
cell displaying a low myogenic potential and capable of chondrogenesis.  From this study we conclude 
that non-myogenic cells residing in the fascia of skeletal muscle have chondrogenic potential and may 
represent a  nov el c ell donor  s ource f or c artilage r egeneration a nd r epair. (Manuscript unde r 
preparation, Entitled: Identification an d ch aracterization of  ch ondrogenic p rogenitor cel ls i n 
post natal skeletal muscle: the role of fascia derived cells in chondrogenesis) 

 

2) We explored possible differences in muscle derived stem cell (MDSC) chondrogenic differentiation in vitro 
and articular cartilage (AC) regeneration in vi vo be tween murine male MDSCs ( M-MDSCs) and female 
MDSCs ( F-MDSCs).  Three di fferent popul ations of  M- and F -MDSCs obtained vi a a  m odified preplate 
technique, were compared for their in vi tro chondrogenic potential using pellet culture. The cells with or  
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without r etroviral t ransduction t o e xpress bone  m orphogenetic pr otein 4 ( BMP4) w ere a ssayed. The 
influence of  bot h t he e xpression of  s tem c ell markers ( stem c ell a ntigen 1, S CA-1) and t he i n vi tro 
expansion l evel on t he chondrogenic pot ential o f M-and F-MDSCs w as al so determined. Lastly, BMP4-
transduced M- and F-MDSCs were applied to a full-thickness AC defect of a nude rat femur. In addition to 
qualitative macroscopic examination, a histological grading scale of Safranin O-fast green staining was used 
to evaluate the quality of the repaired tissue.  

Our results indicate that with and without BMP4 gene transduction, M-MDSCs produced significantly 
larger pe llets w ith a r icher ex tracellular m atrix when compared to F-MDSCs. Although Sca1 pur ification 
influences the chondrogenic potential of MDSCs, especially M-MDSCs, it appears that long term culturing 
does not  i nfluence t he c hondrogenic pot ential of  M -MDSCs, but  doe s i nfluence F -MDSCs. In vi vo 
macroscopic and histological evaluations demonstrate that M-MDSC repair AC defects in a more effective 
manner than F-MDSCs, at all time points tested. (Refer to Appendix 2,  Matsumoto T, et al. A&R 2008) 

3)  We investigated the effect of VEGF stimulation and the effect of blocking VEGF with its antagonist, sFlt1, 
on chondrogenesis using skeletal muscle-derived stem cells (MDSCs). The direct effect of VEGF on the in 
vitro chondrogenic ability of  mouse MDSCs w as t ested using a pe llet cul ture s ystem f ollowed by 
quantitative real time PCR and histological analyses. Next, the e ffect of  VEGF on chondrogenesis within 
the synovial j oint w as t ested us ing genetically engineered MDSCs i mplanted into the r at os teochondral 
defect. In this model, MDSCs, transduced with a retroviral vector to express BMP4, were co-implanted with 
MDSCs t ransduced t o e xpress e ither V EGF or  s Flt1 ( a VEGF a ntagonist) t o pr ovide a  gain- and l oss-of 
VEGF function experimental design. Histological scoring was used to compare cartilage formation among 
the treatment groups. 

Hyaline-like cartilage matrix production was observed in both VEGF-treated and VEGF-blocked (sFlt1-
treated) pellet cultures, but  r eal-time P CR r evealed that s Flt1 treatment improved the e xpression of  
chondrogenic ge nes in MDSCs tha t w ere s timulated to undergo c hondrogenic di fferentiation w ith BMP4 
and TGF-β3. In vivo testing of articular cartilage repair showed that VEGF-transduced MDSCs caused an 
arthritic c hange i n t he k nee j oint, a nd s Flt1 improved t he M DSC-mediated repair o f a rticular c artilage, 
compared to BMP4 alone. (Refer to Appendix 3, Kubo S, et al. A&R 2009)  

 
4) Osteoarthritis (OA), a chronic degenerative joint disorder worldwide and characterized by articular cartilage 

destruction and osteophyte formation, affects over 40 million individuals in the United States alone. Stem 
cells ar e at tractive because of  t heir s uperior c apacity for s elf renewal, pr oliferation, a nd s urvival pos t-
implantation. Several studies have suggested that stem cells can undergo chondrogenesis and repair articular 
cartilage in experimental c artilage inj ury mod els, including studies us ing muscle de rived stem cel ls 
(MDSCs). We have already reported that bone morphogenic protein 4 (BMP4) transduced MDSCs improve 
cartilage r egeneration in the in vitro pellet cul ture and the in vivo cartilage de fect m odel. The c ontrol of  
angiogenesis suc h as u sing sF lt1, vascular en dothelial g rowth factor ( VEGF) antagonist, d uring t he 
chondrogenic di fferentiation of s tem c ells is  also an i mportant i ssue t o c onsider e specially f or t he 
persistence of the regenerate cartilage. Based on these backgrounds, the series of experiments is designed to 
clarify the therapeutic e fficacy of  BMP4 and sFlt1 transduced MDSCs for the repair o f ar ticular cartilage 
after OA.  

Macroscopic and histological evaluation of the joint:  In vivo testing of articular cartilage regeneration 
showed macroscopically and histologically that VEGF transduced MDSCs prevented but sFlt1 improved the 
B4-mediated MDSC r egeneration of ar ticular cartilage compared to the B 4 alone, as confirmed b y 
histological scores.  

Contribution of MDSCs in cartilage regeneration and repair: Double IHC of Col2 and GFP or  β-gal 
demonstrated t hat V EGF t ransduced M DSCs pr evented but  s Flt1 i mproved chongenic d ifferentiation of 
MDSC and intrinsic chondrogenesis , compared to BMP4 alone.  
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Chondrocyte apoptosis and proliferation analyses: TUNEL stain and BrdU as say de monstrated t hat 
sFlt1-transduced M DSCs, unl ike V EGF e xpressing c ells, l ead t o l ess a poptosis a nd m ore pr oliferation 
compared to B4 alone.  

Mixed pellet culture: In vi tro mixed co-culture s howed BMP4 t reated group pr oduced s ignificantly 
larger p ellets w ith hyaline c artilage-like m atrix pr oduction t han a ll other gr oups, c onfirmed b y t he 
chondrogenic di fferentiation capacity of  MDSCs us ing qPCR and qIHC of  Col2 and GFP or  β-gal. F ISH 
showed no f usion be tween O A c hondrocytes a nd M DSCs a nd hi gher i ntrinsic c hondrogenesis i n B MP4 
treated group.  

Separated pellet culture: In vi tro separated co-culture s howed BMP4 t reated group pr oduced 
significantly la rger pe llets w ith hyaline cartilage-like m atrix pr oduction than a ll ot her g roups. (Refer t o 
Appendices 4 and 5, Matsumoto T, et al. Artritis Rheum, 2009). 

 
5) Over t he pa st year w e have continued t o i nvestigate t he opt imal c ell t ypes f or c hondrogenic r epair and  

regeneration and al so have be en investigating t he m echanisms b y which t hese cel ls promote s uperior 
regeneration. Over the past number of years it has become increasingly clear that the role of the donor cells 
participation in the repair process is not fully elucidated. In fact, in numerous animal models we have shown 
that t he i mplantation of  B MP4 e xpressing MDCs improves A C r epair; how ever, the r epair pr ocess i s 
mediated primarily by the chemo-attraction of host cells. Therefore, we have started to more closely analyze 
these chemo-attracted host derived cells that appear at the injury site after MDC implantation. We want to 
determine the tissue of o rigin of the  host cells that participate in the AC regeneration processes and have 
begun preliminary experiments designed to determine if the host cells could originate from the bone marrow 
or pos sibly t he intra-articular s ynovial tis sue. We are planning t o investigate t he role t hat dono r MDC 
survival pl ays i n t he AC r epair pr ocess e ven t hough t he donor  cells do not  a ctively pa rticipate i n 
chondrogenic differentiation but instead seem to vigorously chemo-attract host cells which are the primary 
cell source for the newly regenerated AC tissue. To this end we plan to investigate approaches to improve 
cell survival and the contribution that the donor cells play in the repair process. This is important since OA 
typically affects ol der p atients a nd t he hos t cel ls of  age d patients m ay have a  r eduction in their tis sue 
regenerative potential. To date we have preliminary results that compare the cartilage regenerative ability of 
the MDCs in synovectomized rats that have had an OA injury created with MIA, and compared them to rats 
with intact synovial m embranes. The M DCs t hat w ere i ntracapsularly injected had ha lf o f t he cel ls 
transduced with sflt-1 and the other ha lf t ransduced with BMP4, which was t he best t ransduction regime 
determined previously (Appendices 1 and 4).  The cells were also transduced with either GFP or LacZ to 
track the fate of the donor cells. Briefly, the study methodology that we followed was: 1) Rat OA models 
were created using MIA, 2) Two weeks after MIA injection a synovectomy was performed in half of the rats 

as pr eviously described 
[Miyamoto A, et al. The role of 
the synovium in repairing 
cartilage defects. Knee Surg 
Sports Traumatol Arthrosc. 200], 
3) Three da ys a fter s urgery 
5x10E5 M DCs w ere i njected 
(50:50 s flt-1:BMP4 t ransduced), 
4) F our w eeks af ter M DC 
injection the r ats w ere s acrificed 
and t heir kne e j oints a ssessed. 
Figure 1  shows a  m acroscopic 
evaluation of  t he t wo gr oups. 
Macroscopic evaluation of  t he 
synovectomy(-) group s howed 

FIGURE 1 
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well-healed articular s urfaces, some pa rts of  t he j oints included os teophyte f ormation. H owever, t he 
synovectomy(+) group showed marked arthritis including synovial hypertrophy and osteophyte formation. 

 
Histologic a ssessment de monstrated that S afranin O–positive h yaline-like c artilage w as pr esent in the 
synovectomy(-) group. However, S afranin O –positive h yaline-like c artilage w as le ss p rominent in the 
synovectomy(-) group (Figure 2).  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

A pr eviously de scribed histological gr ading s cale w as us ed t o e valuate t he qua lity of  t he r epaired t issue. 
Four weeks after transplantation, the total score in the synovectomy(-) group was significantly lower than 
that in the synovectomy(+) group.  Note that a l ower score in this grading scale represents better cartilage 
(synovectomy(-) group, 5.2±1.0. synovectomy(+) group, 11.0±1.7.  P<0.05, respectively) (Figure 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

These preliminary results strongly support the fact that some factor emanating from the synovium is essential 
for proper regeneration of OA injured articular cartilage.  More investigation is necessary to determine exactly 
how the synovial tissue is participating in the repair process.  It could be both the deployment of cells from the 
synovial tissue that actually participate in the remodeling of the AC and/or the paracrine release of essential 

FIGURE 2 

FIGURE 3 
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factors that aide in the healing process and potentially attract other cell types from the host. These results are 
being included in a paper currently under preparation. 

 
 
Key Research Accomplishments to date 
 

• Demonstrated that MDCs contain FDCs and a population of myogenic cells. 
• Demonstrated that MDCs possess lower chondrogenic potential than FDCs. 
• Demonstrated that non-myogenic cells residing in the fascia of skeletal muscle have chondrogenic 

potential and may represent a novel cell donor source for cartilage regeneration and repair. 
• Demonstrated that Male MDSCs have a greater chondrogenic potential than Female-derived MDSCs 
• Demonstrated that VEGF inhibits the chondrogenic potential of BMP4 transduced MDSCs 
• Demonstrated that sFLT improves chondrogenic potential of BMP4 transduced MDSCs and inhibits 

apoptosis. 
• Demonstrated that sFLT /BMP4 transduced MDSCs were superior to MDSCs transduced with only BMP4 

or VEGF and BMP4 at chondrogenic regeneration after osteoarthritis was induced in rats 
• Demonstrated that Human FDCs showed more fibrogenic staining and strong chondrogenic potential.  
• Demonstrated that an intact synovium is essential for the proper healing of OA injured articular 

cartilage. 
• Demonstrated that a Human Cell counter-part to the murine MDSCs were capable of differentiating 

toward a chondrogenic lineage and form articular cartilage. 
 
 
Reportable Outcomes 
 

1. Li, GH; Zheng, B; Meszaros, LB;Corsi, KA; Usas, A; Huard, J. Identification and Characterization 
of Chondrogenic Progenitor Cells in Adult Skeletal Muscle. Orthopeadic Research Society Annual 
Meeting Feb 2009 (Abstract). (Appendix 1) Manuscript is in preparation. 

2. Matsumoto T, Kubo S, Meszaros L, Corsi K, Cooper G, Li G, Usas A, Osawa A, Fu F, Huard J. 
The influence of sex on the chondrogenic potential of muscle-derived stem cells. A&R 2008 Dec; 
58(12)3809-3819. (Appendix 2) 

3. Kubo S, Cooper G, Phillippi J, Corsi K, Usas A, Li G, Freddie F, Huard J. Blocking VEGF with 
sFlt1 improves the chondrogenic regeneration capacity of skeletal muscle-derived stem cells. A&R 2009 
Jan; 60(1):155-165. (Appendix 3) 

4. Matsumoto, T ; Cooper, GM; Gharaibeh, B; Meszaros, L; Li G; Usas A; Fu, FH; Huard, J. 
Cartilage Repair after Osteoarthritis through Intra-articular Injection of Muscle Stem Cells Expressing 
BMP4 and sFlt1. Orthopeadic Research Society Annual Meeting Feb 2009 (Abstract). (Appendix 4) 

5. Matsumoto T, Cooper G, Gharaibeh B, Meszaros L, Li G, Usas A, Fu F, Huard J. Cartilage repair 
in a rat model of osteoarthritis through intraarticular transplantation of muscle-derived stem cells 
expressing bone morphogenetic protein 4 and soluble Flt-1. Artritis Rheum; Published Online: Apr 29 
2009 (p 1390-1405), PMID: 19404941 [PubMed - indexed for MEDLINE].  (Appendix 5) 
 

6. Bo Zheng, Guangheng Li, Bridget M Deasy,  Jonathan B Pollett, Bin Sun, Lauren Drowley, Burhan 
Gharaibeh,  Arvydas Usas, Alison Logar, Bruno Peault, Johnny Huard. Clonal Analysis of Human 
Myoendothelial Cells Reveals Stem Cell Characteristics. In Submission to J Cell Biol. 
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Conclusions: 
 

1) Fibrogenic cells which reside in fascia and similar tissues in the skeletal muscles contain a population of 
chondrogenic progenitor cells. Fascia of skeletal muscle could be the tissue from which cells could be 
harvested for cartilage repair. Future research will focus on isolating these cells and using them to repair 
cartilage. 

 
2) Our study demonstrates that sex influences the chondrogenic differentiation and AC regeneration 

potential of MDSCs, with M-MDSCs displaying more chondrogenic differentiation and better cartilage 
regeneration potential than F-MDSCs after cartilage injury.  

 
3) sFlt1 gene therapy improved BMP4- and TGF-β3-induced chondrogenic gene expression of MDSCs in 

vitro, and improved the persistence of repaired articular cartilage by preventing vascularization and bone 
invasion into the repaired articular cartilage.  

 
4) Our results suggest that MDSC-based gene/cell therapy involving sFlt1 and BMP4 repaired articular 

cartilage after OA mainly by having a beneficial effect on chondrogenesis by the donor and host cells as 
well as by preventing angiogenesis which eventually prevent cartilage resorption, resulting in a 
persistent cartilage regeneration and repair.  

 
5) Some f actor(s) emanating f rom t he s ynovium are essential f or the proper r egeneration of  O A i njured 

articular c artilage. It c ould be bot h the de ployment of  c ells f rom the  s ynovial tis sue tha t a ctually 
participate in the remodeling of the AC and/or the paracrine release of essential factors that aide in the 
healing process and potentially attract other cell types from the host. 
 

6) We have demonstrated that human myoendothelial --a potential human counterpart cell population to the 
murine MDSCs-- cells possess fundamental properties of stem cells, including self-renewal, clonogenic 
and multipotent properties (including chondrogenic)  in vitro and in vivo. 
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Identification and Characterization of Chondrogenic Progenitor Cells in Adult Skeletal Muscle 
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INTRODUCTION: 
It is observed that fibrogenic cells residing in the fascia (FDCs) in the 
skeletal muscle are chondrogenic progenitor cells (ORS abstract, 2006, 
2007).By definition, the fascia of skeletal muscle is epimysium that 
covers the entire body of skeletal muscle. In the present study, we 
hypothesized that cells located in endomysium and perimysium also 
possess chondrogenic potential (Fig.1). However, physically separating 
the endomysium and perimysium tissues from skeletal muscle is too 
difficult to be accomplished.  Since endomysium and perimysium tissues 
are contained in the skeletal muscle, muscle derived cells (MDCs) would 
contain cells from endomysium and perimysium as well as other 
populations of cells. The characteristics and chondrogenic differentiation 
of MDCs were investigated and human FDCs were also examined in the 
present study.  

 
Fig1. Diagram of skeletal muscle structure 
 
METHODS: 
Freshly isolated rat MDCs were analyzed by flow cytometry. They were 
immunostained by desmin, vimentin and MyoD and their chondrogenic 
potential was evaluated under the treatment of BMP4 and TGFβ3.  
Chondrogenic potential of mixed FDCs and rat L6 myoblasts in different 
ratios (1:0, 4:1, 1:1, 1:4, 0:1 of FDCs to L6 cells) was also investigated. 
Finally, human FDCs were isolated and characterized, and their 
chondrogenic potential was also investigated. 
 
RESULTS: 
1. MDCs contain FDCs and a population of myogenic cells (Fig.2). 
2. MDCs possess strong chondrogenic potential (Fig .2). 
3. Chondrogenic assay of mixed FDCs and rat L6 myoblasts in different 

ratios showed chondrogenic potential is inversely proportional to the 
percentage of L6 cells (Fig.3). 

4. Human FDCs showed more fibrogenic staining and strong 
chondrogenic potential (Fig.4).  

 
Fig2. (a) Surface marker profile of freshly isolated MDCs. (b) 
Phenotypic characterization of MDCs. MDCs acquire spindle-shape in 
vitro. Immunostaining for desmin (red) shows positive cells found in the 
MDCs. Blue color stains the cells’ nuclei. Vimentin (red) staining shows 
all cells (nuclei, blue) are positive. Myogenic assay shows that myotubes 
form (arrows). Immunostaining for MyoD (red) shows the positive 
staining in nuclei of a myotube (arrows). (c) Chondrogenic assay 
demonstrates positive chondrogenic differentiation of MDCs with 
safranin O and Alcian blue staining, respectively. (d, e) Under higher 

magnification, typical chondrocytes which occupy lacunae within the 
safranin O positively stained (red) and Alcian blue/ nuclear fast red 
(blue) cartilage matrix can be observed in the MDCs pellet. 
  

 
Fig3.(a) With safranin-O and Alcian blue staining, pellets of mixed 
FDCs and rat myoblast L6 showed decreasing chondrogenic potential 
with increasing percentage of L6 cells. FDCs display the strongest 
chondrogenic potential, whereas L6 cells show no chondrogenic 
differentiation. (b) Quantification of positive area of safranin-O and 
Alcian blue shows similar results. (c) Under higher magnification, 
results showed chondrogenic differentiation of FDCs and no 
chondrogenic differentiation in the L6 group by safranin-O, Alcian blue 
and collagen II staining.  
 

 
Fig4. (a) Freshly isolated human FDCs acquire fibroblasts shape in vitro. 
Immunostaining for desmin (red) shows very few are positive. Vimentin 
(red) staining shows most of cells (nuclei, blue) are positive. (b,c,d) 
With safranin-O, Alcian blue and collagen II staining, human FDC 
pellets show positive staining and typical chondroctyes  
 
DISCUSSION: 
Characterization of MDCs demonstrated that they contain at least two 
populations of cells, FDCs and a population of myogenic cells. 
Chondrogenic differentiation displayed by muscle derived cells (MDCs) 
implies that either FDCs, a population of myogenic cells, or both have 
chondrogenic potential. Mixtures of FDCs and rat L6 myoblasts 
demonstrated FDCs are the chondrogenic progenitor cell fraction of 
MDCs, but the myogenic cell fraction of MDCs plays little role in 
chondrogenesis.  Findings about rat FDCs are also supported by the 
positive chondrogenic differentiation displayed by human FDCs.  
 
In summary, this study shows that fibrogenic cells which reside in fascia 
and similar tissues in the skeletal muscles contain a population of 
chondrogenic progenitor cells. Fascia of skeletal muscle could be the 
tissue from which cells could be harvested for cartilage repair. Future 
research will focus on isolating these cells and using them to repair 
cartilage 
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Introduction: 

Osteoarthritis (OA), a chronic degenerative joint disorder worldwide 
and characterized by articular cartilage destruction and osteophyte 
formation, affects over 40 million individuals in the United States alone.  
Stem cells are attractive because of their superior capacity for self 
renewal, proliferation, and survival post-implantation. Several studies 
have suggested that stem cells can undergo chondrogenesis and repair 
articular cartilage in experimental cartilage injury models, including 
studies using muscle derived stem cells (MDSCs). We have already 
reported that bone morphogenic protein 4 (BMP4) transduced MDSCs 
improve cartilage regeneration in the in vitro pellet culture and the in 
vivo cartilage defect model [1]. The control of angiogenesis such as 
using sFlt1, vascular endothelial growth factor (VEGF) antagonist, 
during the chondrogenic differentiation of stem cells is also an important 
issue to consider especially for the persistence of the regenerate 
cartilage.  
Based on these backgrounds, the series of experiments is designed to 
clarify the therapeutic efficacy of BMP4 and sFlt1 transduced MDSCs 
for the repair of articular cartilage after OA.  

Methods: 
The animal experiments of this study were approved by the Animal 
Research and Care Committee at Children's Hospital of Pittsburgh. 
Isolation of MDSCs: MDSCs were isolated from the hind-limb skeletal 
muscle of 3-week-old male C57-BL10J mice, via a modified preplate 
technique that has been previously described [2]. Retroviral 
transduction: MDSCs used were retrovirally transduced with green 
fluorescence protein (GFP), BMP4-GFP, sFlt1-LacZ, or VEGF-LacZ. 
Repair of mono-iodoacetic acid (MIA)-induced arthritis: Transduced 
MDSCs were injected into the joint capsule 2 weeks after MIA injection 
(30 nude rats, 60 OA knees). The animals were divided into 5 treatment 
groups (Table. 1a). Macroscopic and histological evaluation of cartilage 
repair: After macroscopic assessment, we evaluated OA repair semi-
quantitatively using a grading and staging system [3]. In this system, 
there are six histological grades and four histological stages. The total 
score (score= grade x stage) ranges from 1 point (normal articular 
cartilage) to 24 points (no repair). Contribution of transduced MDSCs to 
cartilage healing:To histologically assess the contribution of the 
different types of transduced MDSCs to OA healing in these models, 
double immunohistochemistry (IHC) for type 2 collagen (Col2) and GFP 
or β-galactosidase (β-gal) was performed using tissue samples obtained 
4 weeks after cell injection. Chondrocyte apoptosis and proliferation 
analysis: To analyze chondrocytes apoptosis and proliferation 
histologically, TUNEL staining and BrdU incorporation assay was 
performed using tissue samples obtained 4 weeks after cell infusion (n=6 
in each group). Mixed pellet culture: To assess the chondrogenic 
differentiation of MDSCs and their effects on OA chondrocytes, we 
performed mixed pellet co-culture (Table 1b).  Pellets were made in 
standard chondrogenic medium with 10ng/ml of transforming growth 
factor-beta3. Pellets were harvested after 14 days in culture and assessed 
by size, alcian blue staining, quantitative (q) PCR of Col2, Sox9, and 
Col10, double IHC of Col2 and GFP or β-gal, and fluorescent in situ 
hybridization (FISH) using mouse Y chromosomes (from the male 
mouse MDSCs) and rat X chromosomes (from the rat OA 
chondrocytes).Separated pellet culture: To assess the chondrogenesis of 
OA chondrocytes cultured in the presence of factors released by 
MDSCs, we performed separated pellet co-culture (Table 1c). Pellets 
were harvested after 14 days in culture and assessed by size and alcian 
blue staining.  

Results: 
Macroscopic and histological evaluation of the joint:  In vivo testing of 

articular cartilage regeneration showed macroscpically and 
histologically that VEGF transduced MDSCs prevented but sFlt1 
improved the B4-mediated MDSC regeneration of articular cartilage 
compared to the B4 alone, as confirmed by histological scores (Fig. 1a).  

Contribution of MDSCs in cartilage regeneration and repair: Double 
IHC of Col2 and GFP or β-gal demonstrated that VEGF transduced 
MDSCs prevented but sFlt1 improved chongenic differentiation of 
MDSC (Fig. 1b) and intrinsic chondrogenesis (Fig. 1c), compared to 
BMP4 alone. Chondrocyte apoptosis and proliferation analyses: 
TUNEL stain and BrdU assay demonstrated that sFlt1-transduced 
MDSCs, unlike VEGF expressing cells, lead to less apoptosis and more 
proliferation compared to B4 alone (Fig. 1d, e). Mixed pellet culture: In 
vitro mixed co-culture showed BMP4 treated group produced 
significantly larger pellets with hyaline cartilage-like matrix production 
than all other groups, confirmed by the chondrogenic differentiation 
capacity of MDSCs using qPCR and qIHC of Col2 and GFP or β-gal. 
FISH showed no fusion between OA chondrocytes and MDSCs and 
higher intrinsic chondrogenesis in BMP4 treated group. Separated pellet 
culture: In vitro separated co-culture showed BMP4 treated group 
produced significantly larger pellets with hyaline cartilage-like matrix 
production than all other groups.  

 

 
Conclusions: 

In conclusion, our results suggest that MDSC-based gene/cell therapy 
involving sFlt1 and BMP4 repaired articular cartilage after OA mainly 
by having a beneficial effect on chondrogenesis by the donor and host 
cells as well as by preventing angiogenesis which eventually prevent 
cartilage resorption, resulting in a persistent cartilage regeneration and 
repair.  

References:  
[1] Kuroda R, et al. Arthritis Rheum. 2006;54(2):433-42.  
[2] Qu Z, et al. J Cell Biol. 2002; 27;157(5):851-64.  
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Cartilage Repair in a Rat Model of Osteoarthritis Through
Intraarticular Transplantation of Muscle-Derived Stem Cells
Expressing Bone Morphogenetic Protein 4 and Soluble Flt-1

Tomoyuki Matsumoto,1 Gregory M. Cooper,1 Burhan Gharaibeh,1 Laura B. Meszaros,1

Guangheng Li,2 Arvydas Usas,2 Freddie H. Fu,3 and Johnny Huard1

Objective. The control of angiogenesis during
chondrogenic differentiation is an important issue af-
fecting the use of stem cells in cartilage repair, espe-
cially with regard to the persistence of regenerated
cartilage. This study was undertaken to investigate the
effect of vascular endothelial growth factor (VEGF)
stimulation and the blocking of VEGF with its antago-
nist, soluble Flt-1 (sFlt-1), on the chondrogenesis of
skeletal muscle-derived stem cells (MDSCs) in a rat
model of osteoarthritis (OA).

Methods. We investigated the effect of VEGF on
cartilage repair in an immunodeficiency rat model of
OA after intraarticular injection of murine MDSCs
expressing bone morphogenetic protein 4 (BMP-4) in
combination with MDSCs expressing VEGF or sFlt-1.

Results. In vivo, a combination of sFlt-1– and
BMP-4–transduced MDSCs demonstrated better repair
without osteophyte formation macroscopically and his-
tologically following OA induction, when compared with
the other groups. Higher differentiation/proliferation

and lower levels of chondrocyte apoptosis were also
observed in sFlt-1– and BMP-4–transduced MDSCs
compared with a combination of VEGF- and BMP-4–
transduced MDSCs or with BMP-4–transduced MDSCs
alone. In vitro experiments with mixed pellet coculture
of MDSCs and OA chondrocytes revealed that BMP-4–
transduced MDSCs produced the largest pellets, which
had the highest gene expression of not only type II
collagen and SOX9 but also type X collagen, suggesting
formation of hypertrophic chondrocytes.

Conclusion. Our results demonstrate that
MDSC-based therapy involving sFlt-1 and BMP-4 re-
pairs articular cartilage in OA mainly by having a
beneficial effect on chondrogenesis by the donor and
host cells as well as by preventing angiogenesis, which
eventually prevents cartilage resorption, resulting in
persistent cartilage regeneration and repair.

Osteoarthritis (OA), a chronic degenerative joint
disorder with worldwide impact, is characterized by
articular cartilage destruction and osteophyte formation.
OA affects �40 million individuals in the US alone and
influences more lives than any other musculoskeletal
condition (1). Since articular cartilage is a tissue type
that is poorly supplied by blood vessels, nerves, and the
lymphatic system, it has a very limited capacity for repair
after injury. Although several therapies have been used
for OA, no widely accepted treatments have been estab-
lished, with the exception of arthroplasty. For this
reason, tissue engineering techniques aimed at repairing
articular cartilage have been extensively studied, and
chondrocyte transplantation has already been per-
formed (2–4).

Currently, the most effective treatment for OA,
besides arthroplasty, is autologous chondrocyte trans-
plantation. However, this treatment has several limita-
tions, including the need to use neighboring healthy
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donor cartilage, difficulty in treating large-scale defects,
limited expansion capacity of primary chondrocytes, and
the need for a periosteal patch to maintain engineered
cartilage. In addition, in most cases only 30–40% of the
defect regenerates articular cartilage, with the remaining
defect being filled with fibrocartilage (5,6).

In light of these limitations, it is important to find
other sources of cells that are abundant and capable of
chondrogenic differentiation. Muscle stem cells are
more attractive than primary chondrocytes because of
their superior capacity for self-renewal, proliferation,
and survival following environmental stress (7–9). Re-
cently, stem cell–based therapies have been used clini-
cally for cartilage repair (10,11). The results of several
previous studies, including those using muscle-derived
stem cells (MDSCs), have indicated that stem cells can
undergo chondrogenesis and repair articular cartilage in
experimental cartilage injury models (12–15). We previ-
ously demonstrated that bone morphogenetic protein 4
(BMP-4)–transduced MDSCs improved cartilage forma-
tion in an in vitro pellet culture and regeneration in an
in vivo cartilage defect model (13). Based on those results,
the present study was designed to clarify the therapeutic
efficacy of BMP-4–transduced MDSCs in OA.

The control of angiogenesis during chondrogenic
differentiation is one of the most important issues
affecting the application of stem cells for cartilage
repair. Among angiogenesis-modulating factors, includ-
ing antiangiogenic factors such as troponin 1 (16) and
chondromodulin 1 (17), vascular endothelial growth
factor (VEGF) is an important mediator of angiogenesis
(18). VEGF stimulates capillary formation in vivo and
exerts direct mitogenic actions on various cells in vitro
(19). In the growth plate, VEGF has been reported to
play an essential role in cartilage vascularization and
absorption of hypertrophic chondrocytes, which to-
gether lead to ossification (20,21). Similar to this endo-
chondral ossification, osteophyte formation during OA
development has been reported to involve VEGF sig-
naling (22).

Similarly, recent data reveal the expression of
VEGF and its receptors (Flt-1 and Flk-1) in OA carti-
lage and reflect the ability of VEGF to enhance cata-
bolic pathways in chondrocytes by stimulating matrix
metalloproteinase (MMP) activity and reducing tissue
inhibitors of MMPs (TIMPs) (23–25). These data sug-
gest that, apart from the effect of VEGF on cartilage
vascularization and proliferation of cells in the synovial
membrane, chondrocyte-derived VEGF promotes cata-
bolic pathways in the cartilage itself, thereby leading to
a progressive breakdown of the extracellular matrix
(ECM) of articular cartilage.

In the current study, we used a gain- and loss-of-
function approach based on tissue engineering tech-
niques to assess the role of VEGF in MDSC-mediated
cartilage repair. We demonstrated that genetically mod-
ified MDSCs expressing a VEGF antagonist and BMP-4
and transplanted intracapsularly in a rat model of OA
enhanced chondrogenesis, repaired cartilage via the
autocrine/paracrine effects of BMP-4, and contributed
to an appropriate environment that prevented chondro-
cyte apoptosis by blocking both the intrinsic VEGF
catabolic pathway and extrinsic VEGF-induced vascular
invasion. This is the first report to describe the effects of
VEGF on MDSC-mediated chondrogenesis and OA
repair in vitro and in vivo.

MATERIALS AND METHODS

Isolation of MDSCs. MDSCs were isolated from the
hind limb skeletal muscle of 3-week-old male C57BL/10J mice
(The Jackson Laboratory, Bar Harbor, ME) via a previously
described modified preplate technique (7).

Retroviral transduction. Retroviral vectors encoding
for green fluorescent protein (GFP), BMP-4 and GFP (BMP-
4–GFP), human VEGF165 and bacterial nuclear-localized
LacZ (VEGF-LacZ), or human soluble Flt-1 (sFlt-1), a VEGF
antagonist, and LacZ (sFlt-1–LacZ) expression were generated
as previously described (26). Transduction efficiency was �80%
for each retroviral vector. MDSCs were transduced separately
with these retroviral vectors at a multiplicity of infection of 5 in
the presence of 8 �g/ml of Polybrene. The transduced cells
were expanded for 2 weeks before being used in experiments,
and the conditioned media were sampled to determine trans-
gene expression. The level of BMP-4 secreted from the trans-
duced cells was estimated with a BMP-4 bioassay, as previously
described (27). The levels of VEGF or sFlt-1 secreted by the
transduced cells were confirmed by enzyme-linked immu-
nosorbent assay (ELISA) as previously described (28).

Repair of mono-iodoacetate (MIA)–induced arthritis.
The animal experiments conducted as a part of this study were
approved by the Animal Research and Care Committee at
Children’s Hospital of Pittsburgh. Sixty 10-week-old female
nude rats (NIH-Whn NIHRNU-M; Taconic, Germantown,
NY) were used. The animals were anesthetized with 3%
isoflurane and O2 gas (1.5 liters/minute) delivered through an
inhalation mask. OA-like arthritis was induced by a single
intraarticular injection of MIA (Aldrich Chemical, Milwaukee,
WI) (0.3 mg per 150 mg body weight) into both knee joints of
the rats.

Rats were divided into 2 groups based on OA model
(n � 30 rats [60 knees] per group) and further divided into 5
groups based on treatment type (n � 6 rats [12 knees] per
group). The 2 models of OA were a chronic disease model in
which rats were intraarticularly injected with cells after OA
had progressed significantly (2 weeks after MIA injection) and
a subacute disease model in which rats were treated with cells
before significant OA progression (1 week after MIA injec-
tion). Rats in treatment group 1 received 2.5 � 105 sFlt-1–
transduced MDSCs combined with 2.5 � 105 BMP-4–
transduced MDSCs in phosphate buffered saline (PBS) (sFlt-
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1/BMP-4–MDSC group). Group 2 rats were treated with 2.5 �
105 VEGF-transduced MDSCs combined with 2.5 � 105

BMP-4–transduced MDSCs in PBS (VEGF/BMP-4–MDSC
group). Group 3 rats were treated with 5.0 � 105 BMP-4–
transduced MDSCs in PBS (BMP-4–MDSC group). Group 4
rats were treated with 5 � 105 MDSCs in PBS (MDSC group),
and group 5 rats were treated with PBS alone (PBS group).
Rats were allowed to move freely within their cages after cell
injection. Rats were killed 4 weeks (both chronic OA and
subacute OA models), 12 weeks (chronic OA model), or 16
weeks (subacute OA model) after cell transplantation (n � 6
OA knees for each time point).

Tissue harvest. After macroscopic examination, 6 dis-
tal femora per group per time point were dissected for
histologic and histochemical staining and fixed with 10%
neutral buffered formalin for 48 hours, followed by decalcifi-
cation with 10% EDTA for 2 weeks and paraffin embedding.
For immunohistochemical staining, 6 distal femora per group
at week 4 were harvested and quickly embedded in OCT
compound (Miles, Elkhart, IN), snap-frozen in liquid nitrogen,
and stored at �80°C until used.

Histologic evaluation of cartilage repair. Sagittal sec-
tions (5 �m thick) were obtained and stained with Safranin
O–fast green. We evaluated OA repair semiquantitatively
using a grading and staging system (29). This system included
6 histologic grades and 4 histologic stages. The total score
(grade multiplied by stage) ranged from 1 point (normal
articular cartilage) to 24 points (no repair).

Contribution of transduced MDSCs to cartilage heal-
ing. Rat femurs in OCT-embedded blocks were sectioned, and
5-�m serial sections were mounted on silane-coated glass
slides and air dried for 1 hour before being fixed with 4.0%
paraformaldehyde at 4°C for 5 minutes and stained immedi-
ately. To detect transplanted mouse cells in the articular
cartilage of the femoral condyle, immunohistochemistry was
performed at week 4 (in 6 additional rats in each group) with
the following antibodies: rabbit anti–rat type II collagen (Col2)
(Sigma, St. Louis, MO) to detect rat and mouse chondrocytes
(mouse via cross-reactivity of the antibody with mouse Col2
[13]), Alexa Fluor 488–conjugated rabbit anti-GFP (Molecular
Probes, Eugene, OR) for detection of BMP-4 and GFP–
transduced MDSCs and GFP-transduced MDSCs, and biotin-
conjugated anti–�-galactosidase (anti–�-gal) for detection of
sFlt-1 and LacZ–transduced MDSCs and VEGF and LacZ–
transduced MDSCs.

GFP or LacZ genes were used to distinguish the
contributions of BMP-4–transduced MDSCs from those of
nontransduced MDSCs and of sFlt-1–transduced MDSCs from
those of VEGF-transduced MDSCs. In addition, due to green
autofluorescence in GFP, red fluorescence was applied for
LacZ staining to avoid false-positive staining. Double immu-
nohistochemistry with GFP or �-gal and Col2 was performed
to detect the contribution of transduced MDSCs to cartilage
healing. To assess the contribution of intracapsular-injected
MDSCs, the number of double-positive or Col2-positive cells
was morphometrically counted as the average value in 5
randomly selected articular cartilage areas in the femoral
condyle. The following secondary antibodies were used for
each immunostaining: Cy3-conjugated or fluorescein isothio-
cyanate (FITC)–conjugated anti-rabbit antibody (Molecular
Probes) for Col2 staining, and Cy3-conjugated streptavidin
(Molecular Probes) for �-gal staining. For nuclear staining,

4�,6-diamidino-2-phenylindole (DAPI) solution was applied
for 5 minutes.

Analysis of chondrocyte apoptosis and proliferation.
Sagittal paraffin-embedded sections (5 �m thick) were ob-
tained, and the TUNEL assay was performed at week 4 using
an Apop Tag Plus Peroxidase In Situ Apoptosis Detection kit
according to the recommendations of the manufacturer
(Chemicon, Temecula, CA). Briefly, sections were incubated
with 15 �g/ml of proteinase K for 15 minutes at room
temperature, and then washed in PBS. Endogenous peroxidase
was quenched with 3% H2O2 for 5 minutes at room tempera-
ture. After washing in PBS, sections were immersed in buffer
containing terminal deoxynucleotidyl transferase enzyme and
incubated for 90 minutes at 37°C in a humid atmosphere. After
washing again in PBS, sections were incubated with antidigoxi-
genin conjugate for 30 minutes at room temperature. After
washing in PBS and developing color in peroxidase substrate
with diaminobenzidine, signals were examined by microscopy
(n � 6 rats from each treatment group).

To measure cell proliferation, immunohistochemistry
was performed, using additional animals at week 4, on formalin-
fixed, bromodeoxyuridine (BrdU)–incorporated, paraffin-
embedded sections, as previously described (20). BrdU was
administered intraperitoneally to rats, at 50 mg/kg, 1 and 24
hours before the rats were killed in order to incorporate
enough BrdU. After a 20-minute treatment with 0.05% trypsin
at 37°C and a 45-minute treatment with 95% formamide in
0.15M trisodium citrate at 70°C for denaturing, tissues were
stained overnight at 4°C with mouse biotin-conjugated anti-
BrdU (Zymed, San Diego, CA) at a dilution of 1:1,000. Signals
were then detected using the Vectastain ABC Standard Elite
kit (Vector, Burlingame, CA) (n � 6 rats from each treatment
group). Labeled nuclei were counted in 5 independent, randomly
selected fields.

Isolation of rat OA chondrocytes and normal mouse
chondrocytes. Articular cartilage was removed from the fem-
oral condyles of rats 2 weeks after injection of MIA under
sterile conditions. The tissue fragments were cut into 1-mm
slices and washed 4 times with PBS containing 100 units/ml of
penicillin and 100 �g/ml of streptomycin. Slices were cut into
small pieces and incubated for 16–24 hours with 1.5 mg/ml of
collagenase B (Roche, Mannheim, Germany) and 1 mM
cysteine in Dulbecco’s modified Eagle’s medium (DMEM).
The cell suspension was filtered through a 20-�m nylon mesh
to remove debris and washed 3 times with calcium-free
DMEM. The cells were seeded at a density of 100,000 cells/
cm2 overnight at 37°C in a humidified atmosphere containing
5% CO2 and used for each experiment. Similarly, normal
mouse chondrocytes were isolated from mouse articular carti-
lage and used as controls.

Mixed pellet culture. Pellet culture was performed as
described previously (30). Mixed pellet cultures consisted of
the following: 1) 0.5 � 105 sFlt-1–transduced MDSCs, 0.5 �
105 BMP-4–transduced MDSCs, and 1.0 � 105 OA chondro-
cytes (sFlt-1/BMP-4–MDSC plus chondrocytes group),
2) 0.5 � 105 VEGF-transduced MDSCs, 0.5 � 105 BMP-4–
transduced MDSCs, and 1.0 � 105 OA chondrocytes (VEGF/
BMP-4–MDSC plus chondrocytes group), 3) 1.0 � 105 BMP-
4–transduced MDSCs and 1.0 � 105 OA chondrocytes (BMP-
4–MDSC plus chondrocytes group), 4) 1.0 � 105 non-
transduced MDSCs and 1.0 � 105 OA chondrocytes (MDSC
plus chondrocytes group), and 5) 2.0 � 105 OA chondrocytes
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(chondrocytes group). Pellets were made in 0.5 ml of chondro-
genic medium that contained DMEM supplemented with 1%
penicillin/streptomycin, 10�7M dexamethasone, 50 �g/ml of
ascorbate 2-phosphate, 40 �g/ml of proline, 100 �g/ml of
pyruvate, and 1% BD ITS� (insulin–transferrin–selenium)
premix (Becton Dickinson, Franklin Lakes, NJ) with 10 ng/ml
of transforming growth factor �3 (R&D Systems, Minneapolis,
MN). The pellets were incubated at 37°C in 5% CO2, and the
medium was changed every 2 to 3 days. Pellets were harvested
after 14 days in culture.

Separated pellet culture. MDSCs and OA chondro-
cytes were separated by sterilized culture plate insert (Millicell;
Millipore, Bedford, MA). Pellets of OA chondrocytes were
made in the medium at the bottom of a 15-ml tube, as
previously described (31). The membrane plate was inserted
into the 15-ml tube so that the MDSC pellets were placed
within the membrane plate. Separated pellets were made with
1) 1.0 � 105 sFlt-1–transduced MDSCs, 1.0 � 105 BMP-4–
transduced MDSCs, and 2.0 � 105 OA chondrocytes (sFlt-1/
BMP-4–MDSC plus chondrocytes group), 2) 1.0 � 105 VEGF-
transduced MDSCs, 1.0 � 105 BMP-4–transduced MDSCs,
and 2.0 � 105 OA chondrocytes (VEGF/BMP-4–MDSC plus
chondrocytes group), 3) 2.0 � 105 BMP-4–transduced MDSCs
and 2.0 � 105 OA chondrocytes (BMP-4–MDSC plus chon-
drocytes group), 4) 2.0 � 105 nontransduced MDSCs and 2.0 �
105 OA chondrocytes (MDSC plus chondrocytes group), and
5) 2.0 � 105 OA chondrocytes (chondrocytes group). Pellets
were made in 0.5 ml of chondrogenic medium. The pellets
were incubated at 37°C in 5% CO2, and the medium was
changed every 2–3 days. Pellets were harvested after 14 days in
culture.

ELISA assessment of VEGF levels. VEGF levels in the
medium were measured 48 hours after pellet culture in both
mixed pellet culture and pellet coculture using an ELISA kit
according to the recommendations of the manufacturer (R&D
Systems) (n � 3 in each group).

Alcian blue staining. Paraffin sections of the pellets
were deparaffinized, placed in 3% acetic acid for 3 minutes,
and transferred into Alcian blue solution (pH 2.5) for 30
minutes. The slides were rinsed with running tap water for 10
minutes and counterstained with nuclear fast red.

Differentiation of MDSCs into chondrocytes. Pellets in
OCT blocks were sectioned and prepared for staining as
described above. To detect mouse cells in the pellets, double
immunohistochemistry (n � 3) was performed as described
above. To assess the contribution of each MDSC, the number
of double-positive cells and Col2-positive cells was determined
in 5 randomly selected soft tissue fields in the pellets, and the
average value was calculated.

Quantitative real-time reverse transcriptase–
polymerase chain reaction (PCR) analysis of pellet cultured
cells. Messenger RNA was isolated using the RNeasy Plus kit,
according to the recommendations of the manufacturer (Qia-
gen, Valencia, CA). After RNA extraction, quantitative PCR
analysis of pellets was carried out as described previously (32).
Gene expression levels were calculated based on the �Ct
method. All target genes were normalized to the housekeeping
gene 18S; 18S primers and probes were designed by and
purchased from Applied Biosystems (Foster City, CA). Prim-
ers and probes were designed for Col2, SOX9, and type X
collagen (Col10) according to GenBank sequence. All target
gene primers and probes were purchased from Integrated

DNA Technologies (Coralville, IA). For quantitative PCR
assays, the coefficients of variation calculated from triplicate
assays were within 3%.

The following primer sequences and probes were used:
for mouse Col2, forward AAG-TCA-CTG-AAC-AAC-CAG-
ATT-GAG-A, reverse AAG-TGC-GAG-CAG-GGT-TCT-
TG, and TaqMan probe ATC-CGC-AGC-CCC-GAC-GGC-T;
for mouse SOX9, forward CGG-CTC-CAG-CAA-GAA-
CAA-G, reverse TGC-GCC-CAC-ACC-ATG-A, and TaqMan
probe ACG-TCA-AGC-GAC-CCA-TGA-ACG-C; and for
mouse Col10, forward TAC-TTA-CAC-GGA-TGG-AGA-
CCA-TGT-T, reverse ATC-CAG-TTG-ACT-ACT-GGT-
GCA-ATT-T, and TaqMan probe AAC-CCT-CTT-TTC-
GGA-TTA-ACC-CTG-CGA-GTT.

Fluorescence in situ hybridization (FISH). Slides from
frozen sections were fixed with 4% paraformaldehyde, air
dried, and then dehydrated in a series of successive concentra-
tions of 70%, 80%, 95%, and 100% ethanol for 3 minutes each.
Slides were incubated in pepsin solution for 5 minutes, then
washed in 2� sodium chloride–sodium citrate (SSC), and
dehydrated. FITC-conjugated mouse Y chromosome probe
and rhodamine-conjugated rat X chromosome were mixed
with hybridization buffer according to the recommendations of
the manufacturer (IDLabs Biotechnology, London, Ontario,
Canada) and were applied to the target area on the slide,
covered with a coverslip, and sealed with rubber cement. After
the cement had dried (�10 minutes at room temperature), the
slides and probe were codenatured by placing on a heating
block (Fisher, Kalamazoo, MI) set at 68.5°C for 5 minutes
followed by hybridization overnight in a prewarmed, opaque
humidified chamber at 37°C. On day 2, the rubber cement and
coverslips were removed by soaking briefly in 2� SSC solution
(pH 7.0) at 45°C. Excess probe was rinsed with 50%
formamide–2� SSC for 12 minutes; followed by 20 minutes in
2� SSC at 45°C. Nuclei were counterstained with DAPI.

Statistical analysis. All values are expressed as the
mean 	 SEM. Paired t-tests were performed for comparison of
data before and after treatment. The comparisons among the
5 groups were made using one-way analysis of variance. Post
hoc analysis was performed using Fisher’s protected least
significant difference test. Histologic scores were compared
using the Kruskal-Wallis test. P values less than 0.05 were
considered significant.

RESULTS

Macroscopic and histologic findings in the joints.
Transduced MDSCs were injected into the joint capsule
2 weeks after MIA injection (n � 30 rats [60 OA knees]).
The animals were divided into 5 treatment groups
(sFlt-1/BMP-4–MDSC, VEGF/BMP-4–MDSC, BMP-
4–MDSC, nontransduced MDSC, and PBS groups).
MDSCs used were retrovirally transduced with GFP,
BMP-4–GFP, sFlt-1–LacZ, or VEGF-LacZ. There was
no gross evidence of any side effects such as infection or
tumor formation throughout the observation period.

Four weeks after MDSC transplantation into the
OA model (2 weeks of induction), macroscopic evalua-
tion of the sFlt-1/BMP-4–transduced MDSC group re-
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vealed smooth joint surfaces of articular cartilage and no
osteophyte formation (Figure 1A). Although the BMP-
4–transduced MDSC group also showed well-healed
articular surfaces, some parts of the joints included
osteophyte formation (Figure 1A). However, the VEGF/
BMP-4–MDSC, nontransduced MDSC, and PBS groups
showed marked arthritis including synovial hypertrophy
and osteophyte formation (Figure 1A).

Histologic assessment demonstrated that Safra-
nin O–positive hyaline-like cartilage was present in the
sFlt-1/BMP-4–MDSC and BMP-4–MDSC groups only,
and the BMP-4—MDSC group had much less Safranin
O staining than did the sFlt-1/BMP-4–MDSC group
(Figure 1B). However, Safranin O–positive hyaline-
like cartilage was less prominent in the nontransduced
MDSC group and was completely absent in both the
VEGF/BMP-4–MDSC and PBS groups (Figure 1B).

Twelve weeks after transplantation, rat knees
treated with sFlt-1/BMP-4–MDSCs still showed smooth
joint surfaces in most regions of the articular condyles
(Figure 1A). In the BMP-4–MDSC group, although the
articular cartilage surfaces tended to be smooth, osteo-
phyte formation was more advanced than at 4 weeks
(Figure 1A). The VEGF/BMP-4–MDSC, nontransduced
MDSC, and PBS groups showed marked progression of
arthritis (Figure 1A). Histologic assessment also demon-
strated that more Safranin O–positive tissue and fewer
clusters of chondrocytes near necrotic tissue were found in
the sFlt-1/BMP-4–MDSC and BMP-4–MDSC groups
compared with the other groups (Figure 1B). Destructive
events, including pannus invasion, osteolysis, cyst forma-
tion within the subchondral bone area, and cartilage tissue
lacking Safranin O–positive staining were observed in the
VEGF/BMP-4–MDSC and PBS groups (Figure 1B).

Figure 1. A and B, Macroscopic (A) and histologic (B) evaluation of representative joints from rats injected with muscle-derived stem
cells (MDSCs) transduced with soluble Flt-1 (sFlt-1) and bone morphogenetic protein 4 (BMP-4 [B4]) (sFlt-1/BMP-4–MDSC),
MDSCs transduced with vascular endothelial growth factor (VEGF) and BMP-4 (VEGF/BMP-4–MDSC), MDSCs transduced with
BMP-4 alone (BMP-4–MDSC), nontransduced MDSCs (MDSC), or phosphate buffered saline (PBS) alone, 4 and 12 weeks after
transplantation. Four weeks after transplantation, the sFlt-1/BMP-4–MDSC and BMP-4–MDSC groups macroscopically and
histologically showed smooth joint surface with well-repaired articular cartilage and Safranin O–positive hyaline-like cartilage (red
staining in B). However, the other groups showed marked arthritic progression, synovial hypertrophy, and osteophyte formation
(arrows). Twelve weeks after transplantation, although the sFlt-1/BMP-4–MDSC group still showed well-repaired articular cartilage,
the other groups exhibited more severe arthritis compared with 4 weeks. (Original magnification � 100.) C, Semiquantitative histologic
scores for all groups, 4 and 12 weeks following transplantation. The sFlt-1/BMP-4–MDSC group had the lowest (best) scores of all
groups. Bars show the mean and SEM. �� � P 
 0.05 versus all other groups; � � P 
 0.05 versus the VEGF/BMP-4–MDSC, MDSC,
and PBS groups.

1394 MATSUMOTO ET AL



A previously described histologic grading scale
(28) was used to evaluate the quality of the repaired
tissue. Four weeks after transplantation, the total score
in the sFlt-1/BMP-4–MDSC group was significantly
lower than that in all of the other groups. The score in
the BMP-4–MDSC group was significantly lower than
the scores in the VEGF/BMP-4–MDSC, nontransduced
MDSC, and PBS groups (mean 	 SEM score 4.7 	 0.8
in sFlt-1/BMP-4–MDSC, 18.7 	 1.3 in VEGF/BMP-4–
MDSC, 10.0 	 1.3 in BMP-4–MDSC, 12.3 	 1.3 in
nontransduced MDSC, and 17.3 	 0.8 in the PBS group)
(P 
 0.01 for sFlt-1/BMP-4–MDSC versus VEGF/BMP-
4–MDSC, nontransduced MDSC, and PBS groups, and
for BMP-4–MDSC versus VEGF/BMP-4–MDSC and
PBS groups; P 
 0.05 for sFlt-1/BMP-4–MDSC versus
BMP-4–MDSC group, and for BMP-4–MDSC versus
nontransduced MDSC group) (Figure 1C).

Twelve weeks after transplantation, the total
score in the sFlt-1/BMP-4–MDSC group was also signif-
icantly lower than that in all other groups. The score in
the BMP-4–MDSC group was significantly lower than
the scores in the VEGF/BMP-4–MDSC, nontransduced
MDSC, and PBS groups (mean 	 SEM score 4.3 	 0.8
in sFlt-1/BMP-4–MDSC, 20.7 	 1.3 in VEGF/BMP-4–
MDSC, 11.5 	 0.5 in BMP-4–MDSC, 14.7 	 0.8 in
nontransduced MDSC, and 19.3 	 1.3 in the PBS group)
(P 
 0.01 for sFlt-1/BMP-4–MDSC versus VEGF/BMP-
4–MDSC, nontransduced MDSC, and PBS groups, and
for BMP-4–MDSC versus VEGF/BMP-4–MDSC and
PBS groups; P 
 0.05 for sFlt-1/BMP-4–MDSC versus
BMP-4–MDSC group, and for BMP-4–MDSC versus
nontransduced MDSC group) (Figure 1C). Notably,
although the scores in the sFlt-1/BMP-4–MDSC group
at 12 weeks were similar to the scores at the 4-week time

Figure 2. Contribution of MDSCs to cartilage regeneration and repair. A, Double immunohistochemical staining for type II collagen (Col2) and
green fluorescent protein (GFP). The sFlt-1/BMP-4–MDSC and BMP-4–MDSC groups showed significantly higher levels of chondrogenic
differentiation than did the other groups. B, Double immunohistochemical staining for Col2 and �-galactosidase (�-gal). The sFlt-1/BMP-4–MDSC
group showed higher levels of chondrogenic differentiation than did the VEGF/BMP-4–MDSC group. In A and B, the last panel shows a
higher-magnification view of the boxed area in the first panel. Arrows show double-positive cells. Bars � 20 �m. C, Numbers of GFP-positive and
�-gal–positive cells in each group. The total chondrogenic differentiation of MDSCs was significantly greater in the sFlt-1/BMP-4–MDSC group than
in the other groups. Bars show the mean and SEM. � � P 
 0.05 versus the VEGF/BMP-4–MDSC and MDSC groups; †† � P 
 0.05 versus all
other groups; † � P 
 0.05 versus the VEGF/BMP-4–MDSC, MDSC, and PBS groups; # � P 
 0.05 versus the VEGF/BMP-4–MDSC group. D,
Total number of Col2-positive cells in each group. The sFlt-1/BMP-4–MDSC group had a significantly greater number of chondrocytes than did the
other groups. Bars show the mean and SEM. �� � P 
 0.05 versus all other groups; � � P 
 0.05 versus the VEGF/BMP-4–MDSC, MDSC, and
PBS groups. See Figure 1 for other definitions.
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point, all other treatment groups showed variable levels
of disease progression.

Contribution of MDSCs to cartilage regeneration
and repair. To histologically assess the contribution of
the different types of transduced MDSCs to OA healing
in these models, double immunohistochemical staining
for Col2 and GFP or �-gal was performed using tissue
samples obtained 4 weeks after cell injection. Differen-
tiated chondrocytes derived from transduced MDSCs
were detected in the superficial and mid-zones of the
articular cartilage of the femoral condyle, by double-
positive staining for Col2 and either GFP or �-gal,
depending on the cell type used. All cells that were
transduced to express BMP-4 were also transduced to
express GFP. Also, the control MDSCs used for the
MDSC group were transduced to express GFP. GFP-
positive cells expressing Col2 were found in the femoral
condyles in all groups except the PBS control group,
which received no GFP-labeled MDSCs (Figure 2A).
Cells that were transduced to express VEGF or sFlt-1

were also transduced to express �-gal using the LacZ
gene. Within the knee, cells that coexpressed Col2 and
�-gal were identified (Figure 2B).

Quantification of the number of cells that were
double positive for Col2 and GFP demonstrated that the
sFlt-1/BMP-4–MDSC and BMP-4–MDSC groups
showed significantly higher numbers of GFP-labeled
cells differentiated into Col2-expressing cells (chondro-
cytes) compared with the VEGF/BMP-4–MDSC and
nontransduced MDSC groups (mean 	 SEM cells/mm2

58.7 	 7.9 in sFlt-1/BMP-4–MDSC, 18.7 	 4.9 in
VEGF/BMP-4–MDSC, 56.0 	 5.5 in BMP-4–MDSC,
and 26.7 	 5.3 in MDSC) (P 
 0.01 for sFlt-1/BMP-4–
MDSC and BMP-4–MDSC groups versus VEGF/BMP-4–
MDSC and nontransduced MDSC groups) (Figure 2C).

Colocalization of Col2 and �-gal demonstrated
that the sFlt-1/BMP-4–MDSC group had significantly
more �-gal–positive chondrocytes than did the VEGF/
BMP-4–MDSC group (mean 	 SEM cells/mm2 29.3 	
6.4 in sFlt-1/BMP-4–MDSC and 10.7 	 3.4 in VEGF/

Figure 3. Chondrocyte apoptosis and proliferation. A, TUNEL staining in all groups 4 weeks after transplantation. The sFlt-1/BMP-4–MDSC group
had significantly fewer apoptotic cells, and the VEGF/BMP-4–MDSC group had a greater number of apoptotic cells, compared with the other
groups. B, Bromodeoxyuridine (BrdU) assay in all groups 4 weeks after transplantation. The sFlt-1/BMP-4–MDSC group had a significantly greater
number of proliferative cells, and the VEGF/BMP-4–MDSC group had fewer proliferative cells, compared with the other groups. In A and B, the
last panel shows a higher-magnification view of the boxed area in the first panel. Bars � 50 �m. C, Number of TUNEL-positive cells in each group.
D, Number of BrdU-positive cells in each group. Bars in C and D show the mean and SEM. �� � P 
 0.05 versus all other groups; � � P 
 0.05
versus the VEGF/BMP-4–MDSC, MDSC, and PBS groups. See Figure 1 for other definitions.
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BMP-4–MDSC) (P 
 0.01) (Figure 2C). Total counts of
cells that were double positive for Col2 and either GFP
or �-gal indicated that the sFlt-1/BMP-4–MDSC group
contained significantly more double-positive cells than
did the BMP-4–MDSC, VEGF/BMP-4–MDSC, and
nontransduced MDSC groups (mean 	 SEM cells/mm2

88.0 	 3.6 in sFlt-1/BMP-4–MDSC, 29.3 	 4.9 in
VEGF/BMP-4–MDSC, 56.0 	 5.5 in BMP-4–MDSC,
and 26.7 	 5.3 in nontransduced MDSC) (P 
 0.01 for
sFlt-1/BMP-4–MDSC versus BMP-4–MDSC, VEGF/
BMP-4–MDSC, and MDSC groups, and for BMP-4–
MDSC versus VEGF/BMP-4–MDSC and MDSC
groups) (Figure 2C).

The total number of Col2-positive cells (chondro-
cytes from MDSCs and host chondrocytes) was also
significantly higher in the sFlt-1/BMP-4–MDSC group
than in the other groups (mean 	 SEM cells/mm2 173.3
	 12.0 in sFlt-1/BMP-4–MDSC, 37.3 	 3.4 in VEGF/
BMP-4–MDSC, 117.3 	 8.9 in BMP-4–MDSC, 64.0 	
8.3 in MDSC, and 29.3 	 2.7 in the PBS group) (P 

0.01 for sFlt-1/BMP-4–MDSC versus all other groups;
P 
 0.05 for BMP-4–MDSC versus VEGF/BMP-4–
MDSC, MDSC, and PBS groups) (Figure 2D).

Results of chondrocyte apoptosis and prolifera-
tion analyses. To analyze chondrocyte apoptosis histo-
logically, TUNEL staining was performed using tissue
samples obtained 4 weeks after cell infusion. Chondro-
cyte apoptosis was less abundant in the superficial and
mid-zones of the articular cartilage of the femoral
condyle, especially in the sFlt-1/BMP-4–MDSC and
BMP-4–MDSC groups compared with the VEGF/BMP-
4–MDSC group (Figure 3A). Quantification of TUNEL
staining showed that the sFlt-1/BMP-4–MDSC group
had significantly fewer apoptotic chondrocytes com-
pared with other treatment groups (mean 	 SEM
cells/mm2 46.5 	 7.1 in sFlt-1/BMP-4–MDSC, 268.5 	
30.2 in VEGF/BMP-4–MDSC, 99.0 	 7.3 in BMP-4–
MDSC, 138.0 	 11.3 in MDSC, and 190.5 	 15.3 in the
PBS group) (P 
 0.01 for sFlt-1/BMP-4–MDSC versus
VEGF/BMP-4–MDSC, MDSC, and PBS groups, and
for BMP-4–MDSC versus VEGF/BMP-4–MDSC and
PBS groups; P 
 0.05 for sFlt-1/BMP-4–MDSC versus
BMP-4–MDSC, and for BMP-4–MDSC versus MDSC)
(Figure 3C).

A BrdU incorporation assay was performed on
tissue samples from 4-week postoperative animals in
order to assess cell proliferation in the knee joint.
Proliferating cells were identified primarily in the super-
ficial and mid-zones of the femoral articular cartilage,
especially in the sFlt-1/BMP-4–MDSC and BMP-4–
MDSC groups (Figure 3B). The number of BrdU-
positive chondrocytes was significantly higher in the

sFlt-1/BMP-4–MDSC group compared with all other
groups (mean 	 SEM cells/mm2 207.0 	 16.1 in sFlt-1/
BMP-4–MDSC, 16.2 	 3.4 in VEGF/BMP-4–MDSC,
122.4 	 11.9 in BMP-4–MDSC, 61.2 	 11.5 in MDSC,
and 19.8 	 1.8 in the PBS group) (P 
 0.01 for
sFlt-1/BMP-4–MDSC versus all other groups, and for
BMP-4–MDSC versus VEGF/BMP-4–MDSC and PBS
groups; P 
 0.05 for BMP-4–MDSC versus MDSC)
(Figure 3D).

Results of mixed pellet culture. To assess the
chondrogenic differentiation of MDSCs and their effects
on OA chondrocytes, we performed mixed-cell micro-
mass pellet culture (Figure 4A). ELISA for VEGF levels
in the control medium of unmixed pellet culture and in
mixed pellet culture showed that VEGF action in MD-
SCs was blocked by sFlt-1 and significantly enhanced by
BMP-4 (mean 	 SEM pg/ml per 48 hours 426.7 	 8.8 in
sFlt-1/BMP-4–MDSC plus chondrocytes, 872.0 	 5.7 in
VEGF/BMP-4–MDSC plus chondrocytes, 759.2 	 15.5
in BMP-4–MDSC plus chondrocytes, 724.9 	 4.0 in
MDSC plus chondrocytes, 270.4 	 14.8 in chondrocytes
alone, 524.9 	 4.0 in MDSC, 84.3 	 29.1 in sFlt-1–
MDSC, 806.2 	 7.6 in VEGF-MDSC, and 637.6 	 19.7
in BMP-4–MDSC) (P 
 0.01 for all paired comparisons
except for BMP-4–MDSC plus chondrocytes versus
MDSC plus chondrocytes) (Figure 4B).

Pellets formed using BMP-4–MDSCs and OA
chondrocytes were significantly larger than the pellets
formed with the other cell types. Also, the pellets
formed by mixing cells expressing sFlt-1 were larger than
the other mixed-cell combinations, with the exception of
the BMP-4–MDSC plus chondrocytes group (mean 	
SEM mm 1.40 	 0.05 in sFlt-1/BMP-4–MDSC plus
chondrocytes, 1.13 	 0.05 in VEGF/BMP-4–MDSC plus
chondrocytes, 1.62 	 0.07 in BMP-4–MDSC plus chon-
drocytes, 1.22 	 0.09 in MDSC plus chondrocytes, and
0.93 	 0.06 in chondrocytes alone) (P 
 0.01 for
BMP-4–MDSC plus chondrocytes versus VEGF/BMP-
4–MDSC plus chondrocytes, MDSC plus chondrocytes,
and chondrocytes alone, and for sFlt-1/BMP-4–MDSC
plus chondrocytes versus chondrocytes alone; P 
 0.05
for BMP-4–MDSC plus chondrocytes versus sFlt-1/
BMP-4–MDSC plus chondrocytes, and for sFlt-1/BMP-
4–MDSC plus chondrocytes versus VEGF/BMP-4–MDSC
plus chondrocytes and MDSC plus chondrocytes)
(Figure 4C).

All of the pellets from every group showed
hyaline cartilage–like ECM that stained positively for
Alcian blue and contained well-differentiated, round
chondrocyte-like cells (Figure 4D). Double immunohis-
tochemical staining for Col2 and either GFP or �-gal
showed that chondrocyte-like cells within the pellets
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were derived from BMP-4/GFP–MDSCs and GFP-
MDSCs in the sFlt-1/BMP-4–MDSC plus chondrocytes,
VEGF/BMP-4–MDSC plus chondrocytes, BMP-4–
MDSC plus chondrocytes, and MDSC plus chondrocytes
groups (Figure 4E) and from the sFlt-1/LacZ–MDSCs
and VEGF/LacZ–MDSCs in the sFlt-1/BMP-4–MDSC
plus chondrocytes and VEGF/BMP-4–MDSC plus
chondrocytes groups (Figure 4F).

The number of double-positive cells was signifi-
cantly higher in the BMP-4–MDSC plus chondrocytes
group compared with sFlt-1/BMP-4–MDSC plus chon-
drocytes, VEGF/BMP-4–MDSC plus chondrocytes, and
MDSC plus chondrocytes groups (mean 	 SEM 133.3 	

16.7 in sFlt-1/BMP-4–MDSC plus chondrocytes, 41.7 	
8.3 in VEGF/BMP-4–MDSC plus chondrocytes, 208.3 	
16.7 in BMP-4–MDSC plus chondrocytes, 33.3 	 8.3 in
MDSC plus chondrocytes) (P 
 0.01 for BMP-4–MDSC
plus chondrocytes versus all other groups; sFlt-1/BMP-
4–MDSC versus VEGF/BMP-4–MDSC and MDSC
groups) (Figure 4G).

Double staining for Col2 and �-gal demonstrated
that the number of double-positive cells was significantly
higher in the sFlt-1/BMP-4–MDSC plus chondrocytes
group compared with the VEGF/BMP-4–MDSC plus
chondrocytes group (mean 	 SEM mm2 66.7 	 8.3 in
sFlt-1/BMP-4–MDSC plus chondrocytes and 33.3 	 8.3

Figure 4. A, Mixed pellet coculture of MDSCs and osteoarthritic (OA) chondrocytes. B, Levels of VEGF in the
medium of mixed pellet coculture in each group. VEGF activity in MDSCs was blocked by sFlt-1 and enhanced
by BMP-4. Bars show the mean and SEM. C, Size of pellets in mixed pellet coculture in each group. The
BMP-4–MDSC plus chondrocytes group formed significantly larger pellets compared with the other groups. Bars
show the mean and SEM. � � P 
 0.05 versus the VEGF/BMP-4–MDSC plus chondrocytes and MDSC plus
chondrocytes groups; �� � P 
 0.05 versus all other groups. D, Alcian blue staining in each group. C � OA
chondrocytes. E, Double immunohistochemical staining for type II collagen (Col2) and green fluorescent protein
(GFP). The BMP-4–MDSC plus chondrocytes group formed a significantly greater number of chondrocytes than did
the sFlt-1/BMP-4–MDSC plus chondrocytes, VEGF/BMP-4–MDSC plus chondrocytes, and MDSC plus chondro-
cytes groups. F, Double immunohistochemical staining for Col2 and �-galactosidase (�-gal). The sFlt-1/BMP-4–
MDSC plus chondrocytes group formed a significantly greater number of chondrocytes than did the VEGF/BMP-
4–MDSC plus chondrocytes group. Arrows show double-positive cells. Bars � 20 �m. G, Numbers of GFP-positive
and �-gal–positive cells in each group. Bars show the mean and SEM. �� � P 
 0.05 versus all other groups; � and
# � P 
 0.05 versus the VEGF/BMP-4–MDSC plus chondrocytes and MDSC plus chondrocytes groups. See Figure
1 for other definitions.
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in VEGF/BMP-4–MDSC plus chondrocytes) (P 
 0.05)
(Figure 4G).

Quantitative PCR and FISH. Quantitative PCR
analysis demonstrated that pellets from the BMP-4–
MDSC plus chondrocytes group showed significantly
higher gene expression of Col2 than did the sFlt-1/BMP-

4–MDSC plus chondrocytes, VEGF/BMP-4–MDSC
plus chondrocytes, and MDSC plus chondrocytes
groups; Col2 gene expression in the sFlt-1/BMP-4–
MDSC plus chondrocytes group was higher than that in
the VEGF/BMP-4–MDSC plus chondrocytes and
MDSC plus chondrocytes groups (mean 	 SEM 0.063 	

Figure 5. Quantitative polymerase chain reaction (PCR) and fluorescence in situ hybridization
(FISH) analysis. A, Gene expression of type II collagen (Col2), SOX9, and type X collagen (Col10)
in each group, as assessed by quantitative PCR analysis. Pellets from the BMP-4–MDSC plus
osteoarthritic (OA) chondrocytes group showed significantly higher gene expression of Col2 and
SOX9 than did the other groups; the sFlt-1/BMP-4–MDSC plus chondrocytes group had higher
Col2 and SOX9 expression than did the VEGF/BMP-4–MDSC plus chondrocytes and MDSC plus
chondrocytes groups. Pellets from the BMP-4–MDSC plus chondrocytes group showed signifi-
cantly higher gene expression of Col10 than did the other groups; the MDSC plus chondrocytes
group had higher Col10 expression than did the sFlt-1/BMP-4–MDSC plus chondrocytes and
VEGF/BMP-4–MDSC plus chondrocytes groups. Bars show the mean and SEM. ��, ##, and ††
� P 
 0.05 versus all other groups; �, #, and † � P 
 0.05 versus the sFlt-1/BMP-4–MDSC plus
chondrocytes and VEGF/BMP-4–MDSC plus chondrocytes groups. B–G, FISH analysis of mixed
pellets of normal rat chondrocytes (B), mouse MDSCs (C), sFlt-1/BMP-4–MDSC plus chondro-
cytes (D), VEGF/BMP-4–MDSC plus chondrocytes (E), BMP-4–MDSC plus chondrocytes (F),
and MDSC plus chondrocytes (G), demonstrating that chondrogenic differentiation of mouse
MDSCs did not occur through cell fusion (complex of rat X chromosome [red] and mouse Y
chromosome [green]). Bars � 20 �m. H, Quantification of chondrocytes derived from mouse
MDSCs and of rat chondrocytes in each group. The sFlt-1/BMP-4–MDSC plus chondrocytes (C)
and BMP-4–MDSC plus chondrocytes groups formed significantly more rat chondrocytes and
mouse MDSC–derived chondrocytes than did the other groups. The total number of chondrocytes
was significantly higher in the BMP-4–MDSC plus chondrocytes group. Bars show the mean and
SEM. � and # � P 
 0.05 versus the VEGF/BMP-4–MDSC plus chondrocytes and MDSC plus
chondrocytes groups; †† � P 
 0.05 versus all other groups; †� P 
 0.05 versus the
VEGF/BMP-4–MDSC plus chondrocytes and MDSC plus chondrocytes groups. See Figure 1 for
other definitions.
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0.0087 in sFlt-1/BMP-4–MDSC plus chondrocytes,
0.022 	 0.0018 in VEGF/BMP-4–MDSC plus chondro-
cytes, 0.091 	 0.0058 in BMP-4–MDSC plus chondro-
cytes, 0.020 	 0.0051 in MDSC plus chondrocytes,
0.154 	 0.0090 in chondrocytes alone, 0.041 	 0.0020 in
MDSC, 0.057 	 0.012 in sFlt-1–MDSC, 0.011 	 0.00030
in VEGF-MDSC, and 0.069 	 0.0043 in BMP-4–
MDSC) (P 
 0.01 for BMP-4–MDSC plus chondrocytes
versus sFlt-1/BMP-4–MDSC plus chondrocytes, VEGF/
BMP-4–MDSC plus chondrocytes, and MDSC plus
chondrocytes, and for sFlt-1/BMP-4–MDSC plus chon-
drocytes versus VEGF/BMP-4–MDSC plus chondro-
cytes and MDSC plus chondrocytes) (Figure 5A).

Pellets from the BMP-4–MDSC plus chondro-
cytes group showed significantly higher gene expression
of SOX9 than did those from the sFlt-1/BMP-4–MDSC
plus chondrocytes, VEGF/BMP-4–MDSC plus chondro-
cytes, and MDSC plus chondrocytes groups; SOX9 gene
expression was higher in the sFlt-1/BMP-4–MDSC plus
chondrocytes group than in the VEGF/BMP-4–MDSC
plus chondrocytes and MDSC plus chondrocytes groups
(mean 	 SEM 0.0064 	 0.00044 in sFlt-1/BMP-4–
MDSC plus chondrocytes, 0.0010 	 0.00019 in VEGF/
BMP-4–MDSC plus chondrocytes, 0.015 	 0.0021 in
BMP-4–MDSC plus chondrocytes, 0.0031 	 0.0030 in
MDSC plus chondrocytes, 0.033 	 0.0070 in chondro-
cytes alone, 0.0043 	 0.0018 in MDSC, 0.0033 	 0.0021
in sFlt-1–MDSC, 0.0011 	 0.00014 in VEGF-MDSC,
and 0.0092 	 0.0034 in BMP-4–MDSC) (P 
 0.01 for
BMP-4–MDSC plus chondrocytes versus sFlt-1/BMP-4–
MDSC plus chondrocytes, VEGF/BMP-4–MDSC plus
chondrocytes, and MDSC plus chondrocytes; P 
 0.01
for sFlt-1/BMP-4–MDSC plus chondrocytes versus
VEGF/BMP-4–MDSC plus chondrocytes and MDSC
plus chondrocytes) (Figure 5A).

Additionally, pellets from the BMP-4–MDSC
plus chondrocytes group showed significantly higher
gene expression of Col10 than did those from the other
groups; Col10 gene expression was higher in the MDSC
plus chondrocytes group than in the sFlt-1/BMP-4–
MDSC plus chondrocytes and VEGF/BMP-4–MDSC
plus chondrocytes groups (mean 	 SEM 0.000022 	
0.0000031 in sFlt-1/BMP-4–MDSC plus chondrocytes,
0.000023 	 0.0000036 in VEGF/BMP-4–MDSC plus
chondrocytes, 0.000056 	 0.0000056 in BMP-4–MDSC
plus chondrocytes, 0.000034 	 0.000011 in MDSC plus
chondrocytes, 0.000026 	 0.0000072 in chondrocytes
alone, 0.000031 	 0.0000049 in MDSC, 0.000016 	
0.0000072 in sFlt-1–MDSC, 0.000012 	 0.0000022 in
VEGF-MDSC, and 0.000045 	 0.0000057 in BMP-4–
MDSC) (P 
 0.01 for BMP-4–MDSC plus chondrocytes
versus sFlt-1/BMP-4–MDSC plus chondrocytes, VEGF/

BMP-4–MDSC plus chondrocytes, and MDSC plus
chondrocytes, and for MDSC plus chondrocytes versus
sFlt-1/BMP-4–MDSC plus chondrocytes and VEGF/
BMP-4–MDSC plus chondrocytes) (Figure 5A).

To determine whether the chondrogenic differ-
entiation of MDSCs occurred through fusion of MDSCs
with chondrocytes or through direct differentiation of
the MDSCs, we performed FISH with mouse Y chro-
mosomes (from male mouse MDSCs) and rat X chro-
mosomes (from rat OA chondrocytes). The specificity of
the probes was tested in pellets of normal rat chondro-
cytes (Figure 5B) and mouse MDSCs (Figure 5C). The
FISH analysis revealed no nuclei in which the mouse Y
chromosome colocalized with the rat X chromosome
(Figures 5D–G), suggesting that cellular fusion between
MDSCs and OA chondrocytes was unlikely in this
experiment (Figures 5D–G).

The FISH analysis also demonstrated that the
number of MDSCs was significantly higher in the sFlt-
1/BMP-4–MDSC plus chondrocytes (Figure 5D) and
BMP-4–MDSC plus chondrocytes groups (Figure 5F)
than in the VEGF/BMP-4–MDSC plus chondrocytes
(Figure 5E) and MDSC plus chondrocytes groups (Fig-
ure 5G) (mean 	 SEM number/mm2 182.7 	 6.8 in
sFlt-1/BMP-4–MDSC plus chondrocytes, 78.7 	 8.7 in
VEGF/BMP-4–MDSC plus chondrocytes, 217.3 	 9.0
in BMP-4–MDSC plus chondrocytes, and 118.0 	 7.6 in
MDSC plus chondrocytes) (P 
 0.01 for BMP-4–MDSC
plus chondrocytes versus all other groups and for
sFlt-1/BMP-4–MDSC plus chondrocytes versus VEGF/
BMP-4–MDSC plus chondrocytes and MDSC plus
chondrocytes groups) (Figure 5H).

Notably, the number of rat chondrocytes was also
significantly higher in the sFlt-1/BMP-4–MDSC plus
chondrocytes and BMP-4–MDSC plus chondrocytes
groups than in the VEGF/BMP-4–MDSC plus chondro-
cytes and MDSC plus chondrocytes groups (mean 	
SEM number/mm2 158.7 	 16.7 in sFlt-1/BMP-4–
MDSC plus chondrocytes, 66.0 	 4.2 in VEGF/BMP-4–
MDSC plus chondrocytes, 218.0 	 12.1 in BMP-4–MDSC
plus chondrocytes, and 115.3 	 5.9 in MDSC plus
chondrocytes) (P 
 0.01 for BMP-4–MDSC plus chon-
drocytes versus all other groups, and for sFlt-1/BMP-4–
MDSC plus chondrocytes versus VEGF/BMP-4–MDSC
plus chondrocytes and MDSC plus chondrocytes groups)
(Figure 5H).

The total number of rat chondrocytes and
MDSCs was significantly higher in the BMP-4–MDSC
plus chondrocytes group than in all other groups
(mean 	 SEM number/mm2 341.3 	 23.5 in sFlt-1/
BMP-4–MDSC plus chondrocytes, 144.7 	 4.7 in
VEGF/BMP-4–MDSC plus chondrocytes, 435.3 	 19.8
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in BMP-4–MDSC plus chondrocytes, and 233.3 	 10.3
in MDSC plus chondrocytes) (P 
 0.01 for BMP-4–
MDSC plus chondrocytes versus all other groups and for
sFlt-1/BMP-4–MDSC plus chondrocytes versus VEGF/
BMP-4–MDSC plus chondrocytes and MDSC plus
chondrocytes groups) (Figure 5H).

Results of separated pellet culture. To assess the
chondrogenesis of OA chondrocytes cultured in the
presence of factors released by MDSCs, we performed
micromass pellet coculture (Figure 6A). Pellet size
analysis showed that OA chondrocytes cocultured with
BMP-4–MDSCs formed significantly larger pellets com-
pared with all other groups (mean 	 SEM mm 1.39 	
0.04 in sFlt-1/BMP-4–MDSC plus chondrocytes, 1.12 	
0.07 in VEGF/BMP-4–MDSC plus chondrocytes, 1.65 	
0.04 in BMP-4–MDSC plus chondrocytes, 1.16 	 0.03 in
MDSC plus chondrocytes, and 1.09 	 0.07 in chondro-
cytes alone) (P 
 0.01 for BMP-4–MDSC plus chondro-
cytes versus all other groups, and for sFlt-1/BMP-4–
MDSC plus chondrocytes versus VEGF/BMP-4–MDSC
plus chondrocytes, MDSC plus chondrocytes, and chon-
drocytes alone) (Figure 6B). All of the pellets from
every group showed hyaline cartilage–like ECM that

stained positively for Alcian blue and contained well-
differentiated, round chondrocytic cells (Figure 6C).

DISCUSSION

Researchers use different rat models of OA to
confirm the effectiveness of different treatments. OA-
like arthritis is primarily induced by surgical procedures
or chemical adjuvants, such as MIA (32–36). Surgically
induced OA models may be more clinically relevant than
chemically induced models with regard to the patho-
physiology of OA. However, there are several drawbacks
to surgically induced OA models, including the need for
surgical manipulation to induce OA and the difficulty in
achieving reproducible levels of severity of arthritis.
Therefore, we used an MIA-induced OA model and
confirmed the reproducibility of the grade and stage of
OA in immunodeficient rats, which was consistent with
previous reports of OA in other rat strains (32–34)
(Additional information is available upon request from
the corresponding author.)

Our in vivo macroscopic and histologic evalua-
tions showed that sFlt-1/BMP-4–transduced MDSCs

Figure 6. A, Separated pellet coculture of MDSCs and osteoarthritic (OA) chondrocytes. B, Size of pellets in each
group. OA chondrocytes in the BMP-4–MDSC plus chondrocytes group formed significantly larger pellets compared
with the other groups. Bars show the mean and SEM. �� � P 
 0.05 versus all other groups; � � P 
 0.05 versus the
VEGF/BMP-4–MDSC plus chondrocytes, MDSC plus chondrocytes, and chondrocytes alone groups. C, Alcian blue
staining in each group. C � OA chrondrocytes (see Figure 1 for other definitions).
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had the greatest potential for cartilage repair in the
chemically induced OA model. In contrast, the mixture
of BMP-4–expressing cells and VEGF-expressing cells
led to marked arthritis progression, including synovial
hypertrophy, pannus invasion, and osteophyte formation
(Figure 1). In a previous study, we found that BMP-4–
transduced MDSCs had a higher potential for cartilage
regeneration and repair than did nontransduced MDSCs
in an osteochondral defect model in the nude rat (13). In
the gain- and loss-of-function experiments conducted in
the present study, we demonstrated that sFlt-1 im-
proved, and VEGF delayed, cartilage repair with BMP-
4–transduced MDSCs in the chemically induced OA
model.

Interestingly, in the model of subacute OA the
regenerative effects in the sFlt-1/BMP-4–MDSC group
were observed up to 16 weeks. (Results in the subacute
group are available upon request from the correspond-
ing author.) This same treatment was less effective at the
same time in the model in which OA was induced for 2
weeks (chronic OA model). These findings suggest that,
to obtain long-term beneficial results, a combined treat-
ment consisting of sFlt-1 (antiangiogenic factor) and
BMP-4 with MDSCs is more beneficial in subacute OA
than in chronic OA.

In the present study, even when transplanted
within the joint space (intraarticularly), MDSCs were
found to undergo chondrogenic differentiation, as evi-
denced by double-positive staining for the GFP or �-gal
transgenes and the chondrocyte marker Col2. This
showed that both chondrogenic differentiation of trans-
duced MDSCs and intrinsic chondrogenesis were most
frequently found in the sFlt-1/BMP-4–treated group,
although similar results were found in the BMP-4–
transduced MDSC group (Figure 2). In a previous study,
we demonstrated that BMP-4 secretion by transduced
MDSCs influences the differentiation of multipotent
MDSCs toward the chondrogenic lineage in vitro and in
vivo (13). Additionally, the present study showed that
sFlt-1 improved, while VEGF inhibited, the chondro-
genic differentiation of these BMP-4–transduced MD-
SCs in an OA model.

Furthermore, the intrinsic chondrogenic poten-
tial of BMP-4–transduced MDSCs was found to be
higher than that of nontransduced MDSCs both in vitro
and in vivo. In this study, sFlt-1 enhanced the chondro-
genic potential of BMP-4–expressing cells, while VEGF
reduced this potential (Figure 2). We reason that the in
vivo results that were observed were due to an improve-
ment in chondrogenic differentiation of both the host
OA chondrocytes and the implanted MDSCs through
the activity of BMP-4, and due to the prevention of

vascularization and bone invasion into the regenerated
cartilage tissue through the activity of sFlt-1 (23,25).

To attempt to better delineate the mechanism
behind the beneficial effects of sFlt-1 and BMP-4 treat-
ment, we performed apoptosis and proliferation assays
in vivo (Figure 3). TUNEL assay (apoptosis) results
suggested that VEGF induced higher levels of chondro-
cyte apoptosis and reduced levels of cellular prolifera-
tion in the OA knee. In contrast, sFlt-1–treated OA
knees showed the lowest level of chondrocyte apoptosis
and the highest level of cell proliferation. There are 2
plausible mechanisms by which VEGF may affect carti-
lage degeneration in OA. VEGF may directly increase
catabolic pathways in cartilage tissue through the stim-
ulation of MMP activity and the reduction of TIMPs
(23,25). Additionally, VEGF may indirectly cause carti-
lage destruction by enhancing angiogenesis and vascular
invasion, leading to replacement of cartilage by bone.
Although the in vivo results presented here support the
assertion that VEGF is detrimental to cartilage, we
decided to examine whether VEGF worked directly or
indirectly on the OA-derived chondrocytes.

In an attempt to establish conditions similar to
those in the in vivo experiment, we used in vitro mixed
and separated coculture systems to investigate the inter-
action between transduced MDSCs and OA-derived
chondrocytes. The mixed-cell pellet culture showed that,
although sFlt-1–transduced and VEGF-transduced
MDSCs themselves did not alter chondrogenic potential
in an autocrine manner, secreted sFlt-1 enhanced, and
VEGF prevented, the chondrogenic differentiation of
BMP-4–transduced MDSCs in a paracrine manner.
However, BMP-4–transduced MDSCs formed the larg-
est pellets and showed the highest rate of differentiation
into chondrocytes (Figure 4). These results indicate that
blocking and enhancing VEGF may partially affect the
chondrogenic differentiation of BMP-4–transduced
MDSCs in vitro, but that BMP-4 itself plays an impor-
tant role in enhancing the chondrogenic differentiation
of MDSCs in an autocrine/paracrine manner, as previ-
ously described by our group (13).

In addition, quantitative PCR analysis demon-
strated that BMP-4–transduced MDSCs (double dose
compared with sFlt-1/BMP-4–MDSCs and VEGF/BMP-
4–MDSCs) showed higher gene expression not only of
Col2 and SOX9 but also of Col10 (Figure 5A), suggest-
ing that the higher dose of BMP-4 caused differentiation
toward hypertrophic chondrocytes. These findings may
indicate that a high dose of BMP-4 leads to overprolif-
eration of chondrocytes. In this assay, however, ELISA
showed up-regulated VEGF secretion of MDSCs by
BMP-4 (Figure 4).

1402 MATSUMOTO ET AL



In another previous study, we showed that the
beneficial effect of VEGF on bone healing elicited by
BMP-4 depended critically on the ratio of VEGF to
BMP-4, with an improper ratio leading to detrimental
effects on bone healing (26). These findings may indi-
cate that VEGF in moderate concentrations, as opposed
to overexpression, maintains chondrocyte survival and
control cell differentiation and proliferation in vitro, as
previously described (20,37–39). The results of the
mixed pellet coculture system indicate that sFlt-1 and
BMP-4–expressing MDSCs offer the best balanced com-
bination therapy, despite the fact that the largest pellets
in BMP-4–expressing MDSCs also contained the highest
gene expression of Col10 (Figures 4 and 5A).

We also tested the separated cell coculture sys-
tem to investigate the intrinsic effects of sFlt-1, VEGF,
and BMP-4 secreted from transduced MDSCs on OA
chondrocytes. The results suggest that BMP-4 secreted
by MDSCs produced the largest pellets, whereas sFlt-1
enhanced, and VEGF inhibited, the chondrogenic po-
tential of OA chondrocytes to various degrees (Figure
6). These results suggest that BMP-4 mainly affects the
redifferentiation or proliferation of OA chondrocytes in
vitro. These in vitro mixed and separated pellet cocul-
ture experiments suggest the following mechanism:
BMP-transduced MDSCs act through an autocrine/
paracrine system by releasing BMP-4 that affects the
MDSCs themselves, nearby MDSCs, and nearby OA
chondrocytes, up-regulating chondrogenesis in vitro. In
contrast, VEGF and sFlt-1 secreted by MDSCs have
little effect on the chondrogenic differentiation of
MDSCs themselves. However, both VEGF and sFlt-1
have some effects on the chondrogenic differentiation of
BMP-4–transduced MDSCs and nearby OA chondro-
cytes.

Stem cells have been reported to undergo multi-
lineage differentiation, but this capacity has recently
been a subject of controversy because of possible fusion
of stem cells with target-differentiated/lineage-
committed cells in the target tissue (39,40). Following
these first reports, many researchers reported differen-
tiation of stem cells through fusion with target mature
cells, such as hepatocytes with hematopoietic stem cells
(41,42), cardiomyocytes with hematopoietic/endothelial
progenitor cells (43,44), and neural cells with neural
stem cells (45,46). Whether MDSCs undergo chondro-
genic differentiation through fusion needed to be ad-
dressed.

In addition to characterizing the autocrine/
paracrine effect of MDSCs, the present study investi-
gated whether fusion of MDSCs and OA chondrocytes
occurred during chondrogenic differentiation. FISH ana-

lysis using mixed-cell pellet culture of MDSCs and OA
chondrocytes demonstrated no chondrocytes in which
the mouse Y chromosome (from the MDSCs) was
colocalized with rat X chromosome (from rat OA chon-
drocytes) (Figures 5B–G), suggesting that there was a
lack of fusion between the 2 different cell types. These
findings suggest that MDSCs adopted the chondrocyte-
like phenotype through potential differentiation without
fusion with previously existing chondrocytes. However,
the Y chromosome probe is not 100% efficient. This
inefficiency may have resulted in an underestimation of
the numbers of mouse cells and the possibility that some
cell fusion events may have occurred, but were not
detected.

In addition, FISH analysis demonstrated the con-
tribution of mouse MDSCs and rat OA chondrocytes.
Quantification of the nuclei from cells surrounded by
Alcian blue–positive tissue (Figure 4) demonstrated that
the total contribution of MDSCs and OA chondrocytes
was significantly greater in the BMP-4–MDSC group
than in the sFlt-1/BMP-4–MDSC group, consistent with
the larger pellet size in the groups that included BMP-
4–expressing cells. Taken together, these findings indi-
cate that sFlt-1 may enhance, and VEGF may inhibit,
the chondrogenic differentiation of BMP-4–transduced
MDSCs and the proliferation of OA chondrocytes;
however, these effects are significantly lower than the
potential of BMP-4–transduced MDSCs in vitro.

The results of this study support the published
data that suggest that VEGF triggers cartilage destruc-
tion (23,25,47,48), since we observed that the addition of
VEGF inhibited cartilage repair and regeneration or
accelerated degeneration in the in vivo OA model. Also,
the best histologically assessed regeneration of cartilage
in vivo was found in knees treated with both MDSCs
expressing BMP-4 and MDSCs expressing sFlt-1, when
VEGF signaling was blocked. However, our in vitro
results from mixed and separated cell pellet cultures,
which were designed to simulate the in vivo situation,
showed that the BMP-4–MDSC group had the greatest
chondrogenic potential, rather than the sFlt-1/BMP-4–
MDSC group. These results suggest that sFlt-1 has more
of an enhancing effect in vivo.

With cell markers and flow cytometry, investiga-
tors at our laboratory have recently identified and
purified a distinct cell population that is developmen-
tally and anatomically related to blood vessels or blood
vessel walls within human tissue (49,50). The myoendo-
thelial cells are found in skeletal muscle and coexpress
markers of endothelial and myogenic cells (CD34 and
CD56) (50). The pericytes are found in multiple human
organs including skeletal muscle, pancreas, adipose tis-
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sue, and placenta and are isolated based on CD146,
nerve/glial antigen 2, and platelet-derived growth factor
receptor � expression and absence of hematopoietic,
endothelial, and myogenic cell markers (49). These cell
populations exhibit multilineage differentiation poten-
tial and can, in culture and in vivo, differentiate into
myogenic, osteogenic, chondrogenic, and adipogenic
cells. In the near future, based on the present findings,
we should confirm the potential of this human cell
population for cartilage healing and repair in OA.

In conclusion, sFlt-1/BMP-4–transduced
MDSCs, VEGF-blocking treatment, which were trans-
planted intraarticularly in a rat model of OA, enhanced
chondrogenesis and chondrogenic regeneration via the
autocrine/paracrine effects of BMP-4, and contributed
to an appropriate environment that prevented chondro-
cyte apoptosis by blocking the intrinsic VEGF catabolic
pathway and extrinsic VEGF-induced vascular invasion.
Blocking VEGF, combined with BMP-4 treatment, of
MDSCs is a potentially effective therapy for OA repair
that may improve the quality and persistence of regen-
erated articular cartilage.
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The Influence of Sex on the Chondrogenic Potential of
Muscle-Derived Stem Cells

Implications for Cartilage Regeneration and Repair

Tomoyuki Matsumoto,1 Seiji Kubo,1 Laura B. Meszaros,2 Karin A. Corsi,2 Gregory M. Cooper,2

Guangheng Li,2 Arvydas Usas,2 Aki Osawa,1 Freddie H. Fu,3 and Johnny Huard1

Objective. To explore possible differences in
muscle-derived stem cell (MDSC) chondrogenic differ-
entiation in vitro and articular cartilage regeneration in
vivo between murine male MDSCs (M-MDSCs) and
female MDSCs (F-MDSCs).

Methods. Three different populations of M- and
F-MDSCs (n � 3 of each sex) obtained via preplate
technique, which separates cells based on their variable
adhesion characteristics, were compared for their in
vitro chondrogenic potential using pellet culture. Cells
were assayed with and without retroviral transduction
to express bone morphogenetic protein 4 (BMP-4). The
influence of both expression of stem cell marker Sca1
and in vitro expansion on the chondrogenic potential of
M- and F-MDSCs was also determined. Additionally,
BMP-4–transduced M- and F-MDSCs were applied to a
full-thickness articular cartilage defect (n � 5 each) on
the femur of a nude rat, and the quality of the repaired

tissue was evaluated by macroscopic and histologic
examination.

Results. With and without BMP-4 gene transduc-
tion, M-MDSCs produced significantly larger pellets
with a richer extracellular matrix, compared with
F-MDSCs. Sca1 purification influenced the chondro-
genic potential of MDSCs, especially M-MDSCs. Long-
term culture did not affect the chondrogenic potential of
M-MDSCs but did influence F-MDSCs. M-MDSCs re-
paired articular cartilage defects more effectively than
did F-MDSCs at all time points tested, as assessed both
macroscopically and histologically.

Conclusion. Our findings demonstrate that sex
influences the chondrogenic differentiation and articu-
lar cartilage regeneration potential of MDSCs. Com-
pared with female MDSCs, male MDSCs display more
chondrogenic differentiation and better cartilage regen-
eration potential.

Articular cartilage damage is difficult to treat
because the tissue lacks a blood, nerve, and lymph
supply and has limited intrinsic capacity to repair.
Injury-related full-thickness articular cartilage defects or
large defects caused by osteoarthritis (OA) may require
substantial surgical treatments, including bone stimula-
tion techniques (multiple perforations, abrasions, and
microfractures) in which subchondral bone is broken to
facilitate repair of cartilage damage caused by bone
marrow–derived cells and cytokines. However, these
methods result in the presence of fibrocartilage in
repaired tissue. There is currently no widely accepted
treatment for the repair of these lesions, except for total
knee arthroplasty. Since the clinical introduction of
autologous chondrocyte implantation by Brittberg and
colleagues (1) as an alternative to mosaicplasty, many
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have reported the clinical effectiveness of implanting
autologous culture-expanded chondrocytes for cartilage
regeneration (2). However, due to dedifferentiation or
loss of reparative ability of chondrocytes during culture,
the utility of transplanted chondrocytes is still unclear
(3–5).

Stem cells, due to their ability to differentiate
toward various lineages, have become an important tool
in regenerative medicine and tissue engineering. Adult
stem cells and progenitor cells for mesenchymal lineages
from various tissues and organs, such as bone marrow
(6), peripheral blood or blood vessels (7), adipose tissue
(8), synovium (4), umbilical cord blood (9), and skeletal
muscle (10), have been described. For cartilage regen-
eration and repair, stem cells are an attractive cell
source due to their superior capacity for self-renewal,
proliferation, and response to stress (11,12). Results of
several studies have suggested that various stem cells
have potential for cartilage regeneration and repair in
experimental cartilage injury models (13–15). Recently,
autologous stem cell–based tissue engineering has been
used clinically for cartilage repair and regeneration
(16,17). Our group has identified and isolated muscle-
derived stem cells (MDSCs) from mouse skeletal muscle
(12). MDSCs could potentially be a novel cell source for
cartilage tissue engineering. They are known to have
multilineage differentiation potential, including the abil-
ity to differentiate into skeletal muscle, bone, neural,
endothelial, and hematopoietic tissue (12,18–23). We
have previously shown that muscle-derived cells, includ-
ing MDSCs, can undergo chondrogenesis in vivo and in
vitro (24,25).

Variations in the characteristics of stem cells
isolated from animals of different sexes have been
recently investigated (26–28), and our group has dem-
onstrated a sex difference in skeletal muscle regenera-
tion and osteogenesis mediated by MDSCs (29,30).
Therefore, we performed a series of experiments to
examine whether there are differences in chondrogenic
potential of male MDSCs (M-MDSCs) and female
MDSCs (F-MDSCs) that could potentially influence
their use in articular cartilage tissue engineering appli-
cations.

MATERIALS AND METHODS

MDSC isolation and culture. MDSCs were isolated
from the hind limb skeletal muscle of 3-week-old C57.BL10
mice (The Jackson Laboratory, Bar Harbor, ME) via a modi-
fied preplate technique that has been described previously
(10,31). The sex of the animals was determined anatomically at
the time of isolation, and the sex of the cells was later
confirmed by fluorescence in situ hybridization (FISH).

M-MDSC and F-MDSC populations were cultured on
collagen-coated flasks in proliferation medium containing phe-
nol red–free Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, San Diego, CA) supplemented with 110 mg/liter
sodium pyruvate (Sigma-Aldrich, St. Louis, MO), 584 mg/liter
L-glutamine, 10% fetal bovine serum, 10% horse serum, 1%
penicillin/streptomycin (all from Invitrogen), and 0.5% chick
embryo extract (Accurate, Westbury, NY). Cells were
trypsinized and replated at a density of 250 cells/cm2 until
sufficient numbers of cells from all populations were available
for the chondrogenic assays. All cells used in this study, except
for cells examined with long-term culturing (described below),
were passaged �30 times.

Characterization of MDSCs. Three M-MDSC popula-
tions (M1, M2, and M3) and 3 F-MDSC populations (F1, F2,
and F3) were characterized by flow cytometry for CD34 and
Sca1 expression. MDSCs were labeled with rat anti-mouse
Sca1 (phycoerythrin) and CD34 (biotin) monoclonal antibod-
ies (BD Biosciences, San Jose, CA). A separate portion of cells
was treated with equivalent amounts of isotype control anti-
bodies. Both fractions were washed and labeled with strepta-
vidin–allophycocyanin; 7-aminoactinomycin D was added to
exclude nonviable cells from analysis. Sca1 and CD34 expres-
sion was determined by flow cytometry with fluorescence-
activated cell sorting (FACS) (FACSAria; Becton Dickinson,
Mountain View, CA). Cell sex was confirmed by FISH with
degenerate oligonucleotide-primed polymerase chain reaction
(PCR)–labeled Y probes.

Retroviral transduction of MDSCs. M1 MDSCs and
F1 MDSCs were retrovirally transduced with human bone
morphogenetic protein 4 (BMP-4) and green fluorescent pro-
tein vector as described previously (32) and compared with
nontransduced MDSCs for in vitro chondrogenesis by pellet
culture (n � 3 of each sex). The transduced cells were cultured
for 2 weeks before use in experiments, and the medium on
these transduced cells was sampled to determine the level of
transgene expression. The amount of BMP-4 secreted from the
transduced cells was estimated with a BMP-4 bioassay, as
previously described (33).

Purification of Sca1� and Sca1� cells. Based on the
significant difference in Sca1 expression between M-MDSCs
and F-MDSCs, the Sca1� and Sca1� fractions of BMP-4–
transduced M1 and F1 populations were sorted by FACS
(FACSAria), and each fraction was tested for chondrogenesis
by pellet culture (n � 3 of each sex).

Population doublings. To compare short- and long-
term proliferation potential, M-MDSCs and F-MDSCs were
plated in 25-cm2 collagen-coated flasks, and routine cell ex-
pansion was performed every 2–3 days. At each passage, cells
were replated to a density of 225 cells/cm2. The number of
population doublings for each subculturing was calculated as
the log2 (N/N0). This process was repeated for �150 popula-
tion doublings. Karyotyping was performed as previously de-
scribed (32), for 2 M-MDSC populations (M1 and M2) and 2
F-MDSC populations (F1 and F2). All populations of
M-MDSCs and F-MDSCs that were expanded to 30 popula-
tion doublings, 90 population doublings, and 150 population
doublings were characterized by FACS, and chondrogenesis
was assessed by pellet culture.

Pellet culture. Pellet culture was performed as de-
scribed previously (34). Cells (2.5 � 105) were centrifuged at
2,500 revolutions per minute for 5 minutes in 0.5 ml of
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Figure 1. In vitro characterization of muscle-derived stem cells (MDSCs). A, Flow cytometric analysis of 6 MDSC populations (male MDSC [M-MDSC]
1–3 [M1–M3] and female MDSC [F-MDSC] 1–3 [F1–F3]). B, Quantification of the flow cytometric results, demonstrating that the percentage of Sca1�
cells was significantly higher in M-MDSCs than in F-MDSCs, with no significant difference between the 2 cell populations in the number of CD34� cells.
C, Measurement of the pellets produced by M-MDSCs and F-MDSCs (ruler is in mm). D, Alcian blue staining, demonstrating that pellets of M-MDSCs
produced richer extracellular matrix–like hyaline cartilage than did F-MDSCs (original magnification � 200; � 40 in insets). Bars in B and C show the mean
and SEM. � � P � 0.05; �� � P � 0.01.
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standard chondrogenic medium containing DMEM supple-
mented with 1% penicillin/streptomycin, 10�7M dexametha-
sone, 50 �g/ml ascorbate-2-phosphate, 40 �g/ml proline, 100
�g/ml pyruvate, and insulin–transferrin–selenium (1% BD
ITS�Premix; Becton Dickinson). The pellets in the experi-
ments characterizing the BMP-4 response of MDSCs were
cultured in chondrogenic medium supplemented with 10 ng/ml
transforming growth factor �3 (TGF�3; R&D Systems, Min-
neapolis, MN), and those in experiments investigating Sca1
purification and population doublings were cultured in chon-
drogenic medium supplemented with 10 ng/ml TGF�3 and 50
ng/ml BMP-4. Pellets were incubated at 37°C in 5% CO2 for 14
days, and the medium was changed every 2–3 days.

Assessment of chondrogenesis. Pellets were fixed over-
night in 10% neutral buffered formalin, dehydrated, embedded
in paraffin, and sectioned in 5-�m–thick slices. Pellet sections
were deparaffinized, placed in 3% acetic acid for 3 minutes,
and transferred into Alcian blue solution for 30 minutes. The
slides were rinsed with running tap water for 10 minutes and
counterstained with nuclear fast red.

Quantitative real-time PCR analysis of pellet cultured
cells. Messenger RNA was isolated using the RNeasy Plus Kit,
according to the instructions of the manufacturer (Qiagen,
Valencia, CA). After RNA extraction, quantitative real-time
PCR analysis of all populations from different population
doublings was carried out as previously described (35,36).
Gene expression levels were calculated based on the difference
in threshold cycle. All target genes were normalized to the
housekeeping gene 18S; 18S primers and probes were designed
by and purchased from Applied Biosystems (Foster City, CA).
Primers and probes were designed for type II collagen, SOX9,
and type X collagen, according to GenBank sequence. All
target gene primers and probes were purchased from Inte-
grated DNA Technologies (Coralville, IA). For quantitative
PCR assays, the coefficient of variation calculated from tripli-
cate assays was within 3%. Primers and probes were as follows:
mouse type II collagen forward primer AAG-TCA-CTG-
AAC-AAC-CAG-ATT-GAG-A, reverse primer AAG-TGC-
GAG-CAG-GGT-TCT-TG, TaqMan probe ATC-CGC-AGC-
CCC-GAC-GGC-T; mouse SOX9 forward primer CGG-CTC-
CAG-CAA-GAA-CAA-G, reverse primer TGC-GCC-CAC-
ACC-ATG-A, TaqMan probe ACG-TCA-AGC-GAC-CCA-
TGA-ACG-C; mouse type X collagen forward primer TAC-
TTA-CAC-GGA-TGG-AGA-CCA-TGT-T, reverse primer
ATC-CAG-TTG-ACT-ACT-GGT-GCA-ATT-T, TaqMan
probe AAC-CCT-CTT-TTC-GGA-TTA-ACC-CTG-CGA-
GTT.

Articular cartilage defect model and cell transplanta-
tion. All animal experiments were approved by the Animal
Research and Care Committee at Children’s Hospital of
Pittsburgh. Fifteen 12-week-old female nude rats (NIH-Whn
NIHRNU-M; Taconic, Germantown, NY) were used in this
study. The animals were anesthetized by exposure to 3%
isoflurane and O2 gas (1.5 liter/minute) delivered through an
inhalation mask. The knee joint was exposed by medial parapa-
tellar incision, and the trochlear groove was exposed by lateral
dislocation of the patella. A 1.8-mm outer diameter trephine
drill was used to create bilateral osteochondral defects
(1.8 � 2.0 mm) in the trochlear groove of each femur as
previously described (25). BMP-4–transduced M1 MDSCs
and F1 MDSCs (5 � 105) were mixed with fibrin glue

(Tisseel VH; Baxter Healthcare Hyland Immuno, Glendale,
CA) and applied to the articular cartilage defect in both
knees. As a control, fibrin glue without cells was used. After
macroscopic examination, 5 distal femora in each group
were dissected at weeks 4, 8, and 16 and embedded in
paraffin. Specimens were stained with Safranin O–fast
green, and the histologic grading scale described by
O’Driscoll et al (37) was used to evaluate the quality of the
repaired tissue.

Statistical analysis. Comparisons between 2 groups
were performed using unpaired t-tests. Comparisons among 3
populations were performed by one-way analysis of variance
except for comparisons of histologic scores, which were per-
formed by Kruskal-Wallis analysis. Post hoc analysis was
performed with Fisher’s protected least significant difference
test. P values less than 0.05 were considered significant.

RESULTS

In vitro MDSC characterization. Flow cytometric
analysis with 6 populations demonstrated that the per-
centage of Sca1� cells was significantly higher in
M-MDSCs than in F-MDSCs (mean � SEM 56.0 �
15.4% versus 9.4 � 1.9%) (P � 0.05), with no significant
difference in the number of CD34� cells (M-MDSCs
8.8 � 4.5%, F-MDSCs 13.0 � 6.6%) (Figures 1A and B).
M-MDSCs also produced significantly larger pellets
than F-MDSCs when cultivated in chondrogenic me-
dium (mean � SEM 1.06 � 0.04 mm versus 0.85 � 0.02
mm) (P � 0.01) (Figure 1C). Alcian blue staining
demonstrated that pellets of M-MDSCs produced more
extracellular matrix (ECM) that closely resembled
hyaline-like cartilage, when compared with F-MDSCs
(Figure 1D).

Effect of BMP-4 transduction and Sca1 purifica-
tion on the chondrogenic potential of M- and F-MDSCs.
Similar to the observations in nontransduced cells,
BMP-4 transduction of M-MDSCs produced pellets with
significantly larger diameter than was observed with
BMP-4 transduction of F-MDSCs (mean � SEM 1.30 �
0.03 mm in BMP-4–transduced M-MDSCs, 1.05 � 0.03
mm in nontransduced M-MDSCs, 0.94 � 0.07 mm in
BMP-4–transduced F-MDSCs, and 0.79 � 0.05 mm in
nontransduced F-MDSCs) (P � 0.01, BMP-4–
transduced M-MDSCs versus nontransduced M-
MDSCs; P � 0.05, BMP-4-transduced MDSCs versus
BMP-4–transduced F-MDSCs; P � 0.05, nontransduced
MDSCs versus nontransduced F-MDSCs) (Figure 2A).
Alcian blue staining demonstrated that pellets of BMP-
4–expressing M-MDSCs produced more ECM com-
pared with F-MDSCs (Figure 2B).

Purification of Sca1� M-MDSCs produced sig-
nificantly larger pellets than were produced by Sca1�
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M-MDSCs or by the Sca1� and Sca1� fractions of
F-MDSCs (mean � SEM 1.29 � 0.03 mm in Sca1�
M-MDSCs, 0.96 � 0.05 mm in Sca1� M-MDSCs,

1.05 � 0.07 mm in Sca1� F-MDSCs, and 0.81 � 0.03
mm in Sca1� F-MDSCs) (P � 0.01, Sca1� M-MDSCs
versus Sca1– M-MDSCs; P � 0.05, Sca1� F-MDSCs

Figure 2. Effects of bone morphogenetic protein 4 (BMP-4) transduction and Sca1 purification. A, Measurement of the chondrogenic pellets produced
by BMP-4–transduced MDSCs (MDSC-B4) and nontransduced MDSCs. BMP-4–transduced M-MDSCs produced significantly larger chondrogenic
pellets compared with nontransduced M-MDSCs and BMP-4–transduced F-MDSCs. B, Alcian blue staining, demonstrating that after BMP-4 transduction,
the extracellular matrix (ECM) was richer in pellets of M-MDSCs compared with F-MDSCs (original magnification � 200). C, Measurement of the
chondrogenic pellets produced by Sca1� and Sca1� MDSCs. In both male and female MDSCs, purified Sca1� cells produced significantly larger pellets
than Sca1� cells. D, Alcian blue staining, demonstrating that Sca1� cells isolated from both male and female MDSCs produced richer ECM than the
Sca1� cell fractions (original magnification � 200; � 40 in insets). Rulers in A and C are in mm; bars in A and C show the mean and SEM. � � P � 0.05;
�� � P � 0.01. # � P � 0.05 versus female cells. See Figure 1 for other definitions.
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versus Sca1� F-MDSCs; P � 0.05, Sca1� M-MDSCs
versus Sca1� F-MDSCs) (Figure 2C). Alcian blue stain-
ing revealed that the Sca1� fraction of M-MDSCs
produced more ECM than Sca1� M-MDSCs, as well as
more ECM than either Sca1� or Sca1� F-MDSCs
(Figure 2D).

Influence of expansion on the chondrogenic po-
tential of M- and F-MDSCs. Analysis of short-term
kinetics showed that M-MDSC and F-MDSC popula-

tions had similar population doubling times over a 3-day
period, as previously described (12). However, after
moderate expansion over 14 days or extended expansion
over 3 months (�150 population doublings), M-MDSC
populations exhibited significantly shorter population
doubling time than their female counterparts (mean �
SEM 24.6 � 2.7 hours versus 38.5 � 4.2 hours; P � 0.01)
(Figures 3A and B). Flow cytometric analysis revealed
that expression of Sca1 at all population doublings was

Figure 3. Effect of culturing on the chondrogenic potential of MDSCs. A and B, Numbers of population doublings (PDs) over time, and time
required for population doubling. A decrease in population doubling times was observed with expansion of both male and female MDSCs. C,
Quantitative results of flow cytometric analysis, demonstrating that the number of Sca1-expressing cells, at all population doublings, was significantly
higher in M-MDSCs than in F-MDSCs. D and E, Measurement of chondrogenic pellets after 30, 90, and 150 population doublings (ruler is in mm).
F, Alcian blue staining, demonstrating that M-MDSCs produced larger pellets with richer extracellular matrix compared with F-MDSCs at all
population doublings, with decreased chondrogenic potential with cell expansion in both cell populations (original magnification � 200; � 40 in
insets). G, Quantitative results of real-time polymerase chain reaction analysis, demonstrating significantly higher type II collagen (Col2) gene
expression by M-MDSCs versus F-MDSCs at all population doublings, with a reduction in type II collagen expression with increasing population
doubling. Bars in B, C, E, and G show the mean and SEM. � � P � 0.05; �� � P � 0.01. See Figure 1 for other definitions.
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significantly higher in M-MDSCs than in F-MDSCs (in
male cells, mean � SEM 64.7 � 17.1%, 73.7 � 8.3%,
and 75.3 � 10.3% at 30, 90, and 150 population dou-
blings, respectively; in female cells, 10.0 � 3.3%, 2.7 �
1.2%, and 1.9 � 0.7%, respectively) (P � 0.01,
M-MDSCs versus F-MDSCs at 90 and 150 population
doublings; P � 0.05, M-MDSCs versus F-MDSCs at 30

population doublings) (Figure 3C). There was no signif-
icant difference in CD34 expression at all population
doublings between M- and F-MDSCs (in male cells,
4.03 � 2.98%, 8.18 � 4.29%, and 35.50 � 21.88% at 30,
90, and 150 population doublings, respectively; in female
cells, 5.77 � 2.79%, 5.63 � 0.82%, and 11.47 � 3.81%,
respectively).

Figure 4. In vivo cartilage regeneration with bone morphogenetic protein 4 (BMP-4)–expressing MDSC treatment in the rat articular cartilage
defect model. A, Macroscopic appearance, showing that the cartilage surface was partially filled at week 4, and the defect had become entirely
covered by week 16, in the BMP-4–transduced MDSC (MDSC-B4)–treated group; however, a visible defect was still present in the BMP-4–
transduced F-MDSC–treated group at all time points tested. B, Safranin O staining. At week 4, Safranin O–positive hyaline cartilage was observed
in the defects in the group treated with BMP-4–expressing M-MDSCs, and the subchondral area was replaced by bone or cartilage, whereas fibrous
tissue only partially filled the defects in the group treated with BMP-4–expressing F-MDSCs. Eight weeks after treatment, defects in the group
treated with BMP-4–expressing F-MDSCs still exhibited partial healing and were covered with fibrous tissue, with minimal Safranin O–positive
areas. In the group treated with BMP-4–expressing M-MDSCs, the defects were fully covered and well-integrated with cartilaginous tissue, which
showed slight positivity for Safranin O. By week 16, treatment with BMP-4–expressing M-MDSCs had induced complete healing, with highly
Safranin O–positive hyaline cartilage, whereas the group treated with BMP-4–expressing F-MDSCs showed incomplete healing, with limited
Safranin O–positive hyaline cartilage. Larger images are higher-magnification views of the boxed areas (original magnification � 100 in lower
portion of each panel; � 40 in upper portion of each panel with boxed area). C, O’Driscoll histologic scores. Scores in regenerated tissue from the
BMP-4–expressing M-MDSC treatment group were significantly better than those in tissue from the BMP-4–expressing F-MDSC treatment group
at 4, 8, and 16 weeks after transplantation. However, the F-MDSC treatment group showed significantly better scores than the control group. Bars
show the mean and SEM. � � P � 0.05. See Figure 1 for other definitions.
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Significantly larger pellets were produced with
M-MDSCs than with F-MDSCs at all population dou-
blings, with a decreasing trend over time (in male cells,
mean � SEM 1.16 � 0.1 mm, 1.16 � 0.08 mm, and
1.07 � 0.06 mm at 30, 90, and 150 population doublings,
respectively; in female cells, 0.91 � 0.03 mm, 0.96 � 0.04
mm, and 0.89 � 0.02 mm, respectively) (P � 0.05,
M-MDSCs versus F-MDSCs at all population doublings)
(Figures 3D and E). Alcian blue staining also demon-
strated that pellets of M-MDSCs showed decreasing
production of ECM with passage, while F-MDSCs
showed poor ECM production at all population dou-
blings (Figure 3F).

Real-time PCR analysis demonstrated that type
II collagen gene expression was significantly higher in
M-MDSCs than in F-MDSCs; however, this trend de-
creased with increasing population doubling (in male
cells, mean � SEM 0.12 � 0.092, 0.0071 � 0.0053, and
0.000039 � 0.000033 at 30, 90, and 150 population
doublings, respectively; in female cells, 0.000026 �
0.0000050, 0.000018 � 0.000011, and 0.0000071 �
0.0000039, respectively) (P � 0.01, M-MDSCs versus
F-MDSCs at 30 and 90 population doublings) (Figure
3G). There were no differences in SOX9 or type X
collagen gene expression between M-MDSCs and
F-MDSCs at any population doubling (data not shown).

Cartilage regeneration. In the in vivo transplan-
tation model, macroscopic assessment demonstrated
that tissue was beginning to fill the cartilage surface at
week 4, and the defect had become smooth and entirely
covered by week 16 in the group treated with BMP-4–
transduced M-MDSCs. However, a visible defect was
present in the group treated with BMP-4–transduced
F-MDSCs at all time points tested (Figure 4A).

Histologic assessment by Safranin O staining at
week 4 demonstrated that defects in the group treated
with BMP-4–expressing M-MDSCs contained Safranin
O–positive hyaline cartilage and the subchondral area
was replaced by bone or cartilage, whereas defects in the
group treated with BMP-4–expressing F-MDSCs were
partially filled with fibrous tissue (Figure 4B). Eight
weeks after treatment, defects in the group treated with
BMP-4–expressing F-MDSCs showed eburnated bone
covered by thin fibrous tissue, with few Safranin
O–positive areas. In contrast, defects in the group
treated with BMP-4–expressing M-MDSCs were cov-
ered and well-integrated with cartilaginous tissue, which
showed slightly positive staining with Safranin O (Figure
4B). At week 16, treatment with BMP-4–expressing
M-MDSCs had induced good healing and the defect was
covered with highly Safranin O–positive hyaline carti-

lage, whereas the BMP-4–expressing F-MDSC group
showed incomplete healing and some Safranin
O–positive hyaline cartilage limited to the border of the
defect (Figure 4B). In the control group, there was no
Safranin O–positive hyaline cartilage in the area of the
defect at any time point up to 16 weeks after transplan-
tation (Figure 4B).

O’Driscoll histologic scores in regenerated tissue
from the group treated with BMP-4–expressing
M-MDSCs were significantly better than those in the
BMP-4–expressing F-MDSC treatment group at 4, 8,
and 16 weeks after transplantation (Figure 4C). How-
ever, the F-MDSC treatment group showed significantly
better scores than the control group (mean � SEM
histologic score at 4 weeks, 8 weeks, and 16 weeks,
respectively, 15.2 � 1.0, 18.8 � 0.5, and 20.8 � 1.0 in the
group treated with BMP-4–expressing M-MDSCs;
12.0 � 0.6, 15.2 � 1.0, and 16.4 � 1.2 in the group
treated with BMP-4–expressing F-MDSCs; 9.6 � 0.7,
12.8 � 1.0, and 13.2 � 0.8 in controls) (P � 0.05,
M-MDSC–treated group versus F-MDSC–treated group
and F-MDSC–treated group versus controls, at all time
points) (Figure 4C).

DISCUSSION

To examine the difference in chondrogenic po-
tential between M-MDSCs and F-MDSCs, we isolated
MDSCs from 3 male and 3 female mice and tested these
cells for chondrogenesis both in vitro and in vivo.
MDSCs have previously been shown to have chondro-
genic potential (24,25), especially after BMP-4 transduc-
tion. BMP-4 has also been demonstrated to enhance
potential for chondrogenesis in vitro and in vivo in cell
types other than MDSCs (38–40). It has also been
reported that the combined effect of TGF�3 and BMP-4
or BMP-2 on chondrogenic pellet size is greater than
that of each growth factor administered separately
(41,42). Consequently, we used TGF�3 in all experi-
ments, and BMP-4 was either added to the chondrogenic
media or cells were retrovirally transduced to produce
BMP-4 and cultured in chondrogenic media. Under
these conditions, both M-MDSCs and F-MDSCs under-
went chondrogenic differentiation. Interestingly, in ex-
periments using chondrogenic media without BMP-4,
M-MDSCs produced significantly larger pellets with
richer ECM resembling hyaline-like cartilage compared
with F-MDSCs. Our findings suggest that MDSCs can
undergo chondrogenesis even without BMP-4, and that
this phenomenon is more pronounced in M-MDSCs
than F-MDSCs.
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Various types of stem cells have been shown, by
FACS analysis, to highly express Sca1, and these stem
cells also have chondrogenic potential (43–45). Our
group previously reported that MDSCs express the stem
cell surface marker CD34 as well as Sca1 (10). Charac-
terization by FACS analysis in the present study dem-
onstrated that the number of Sca1� cells was signifi-
cantly higher in M-MDSCs than F-MDSCs; however,
there was no significant difference in the number of
CD34� cells. We also compared the chondrogenic
potential (pellet culture) of M-MDSC and F-MDSC
populations sorted on the basis of Sca1 expression. In
both M- and F-MDSCs, the Sca1� fractions were more
chondrogenic than the Sca1� fractions. In addition, the
male Sca1� cells showed substantially more chondro-
genic potential in pellet culture than did female Sca1�
cells. Since M-MDSCs contain more Sca1� cells than do
F-MDSCs, we cannot exclude the possibility that the
differential chondrogenic potential observed between
M-MDSCs and F-MDSCs is related to the subpopula-
tion of Sca1� cells.

We have previously demonstrated the effect of
BMP-4 on MDSC chondrogenesis in vitro and in vivo
(25), and in the present study, we compared the differ-
ences in BMP-4 response of M-MDSCs and F-MDSCs,
using a retroviral transduction method. BMP-4–
transduced M-MDSCs produced significantly larger pel-
lets with richer ECM than did pellets of BMP-4–
transduced F-MDSCs.

When cultured in chondrogenic medium with
TGF�3 and BMP-4, M-MDSCs produced significantly
larger pellets with richer ECM than did F-MDSCs, at all
population doublings. The chondrogenic potential of
M-MDSCs was maintained even after long-term culture
(high population doubling), while the F-MDSCs lost
their chondrogenic potential with expansion. Interest-
ingly, real-time PCR analysis demonstrated that chon-
drogenic pellets of M-MDSCs showed significantly
higher gene expression of type II collagen compared
with F-MDSCs, even though all MDSCs (regardless of
population doubling number) showed significantly de-
creasing expression with culturing. After 2 weeks in
culture, there was weak expression of type X collagen
and SOX9 in all pellets, but there was no significant
difference in expression of these genes between M- and
F-MDSCs. These findings indicate that M-MDSCs
maintain a higher rate of self-renewal and have more
chondrogenic potential than F-MDSCs at all population
doublings, even though MDSCs of both sexes display a
reduction of chondrogenic potential with culturing.

In an in vivo osteochondral defect model, treat-

ment with both M- and F-MDSCs demonstrated some
ability to potentiate cartilage regeneration, adding to the
findings of our previous study using only F-MDSCs (25).
However, M-MDSC treatment led to greater cartilage
regeneration than F-MDSC treatment. At week 16,
macroscopic and histologic assessment demonstrated
that treatment with BMP-4–transduced M-MDSCs pro-
duced good articular cartilage healing with highly Safra-
nin O–positive hyaline cartilage. However, at 16 weeks,
the BMP-4–transduced F-MDSC group still showed
visible defects and only faintly Safranin O–positive hya-
line cartilage, which was limited to the border of the
defect. The histologic score at this time point was
significantly better with BMP-4–transduced M-MDSC
treatment compared with BMP-4–transduced F-MDSC
treatment. Overall, in both in vivo and in vitro chondro-
genic models, sex-related differences between M- and
F-MDSCs were observed.

Sex differences in stem cell treatments for carti-
lage repair could have great clinical impact. OA is
diagnosed more frequently in women than in men,
especially in the population over 50 years old (46). Sex-
and age-related differences in OA are well described
and considered to be a key aspect of development and
discovery of new treatments. Sex differences in knee
geometry (47,48) and biomechanical properties (49) are
well known, but it is not known if these differences
contribute to the disparity in the prevalence of OA
between men and women. Researchers have attempted
to identify differences at the cellular level between OA
in men and OA in women. Although the in vivo cartilage
defect model used in the present study may not directly
reflect OA progression, it does demonstrate the effec-
tiveness of MDSCs in repairing full-thickness cartilage
defects, which could possibly occur with OA. Although
the role of host sex was not examined in this study, stem
cell sex differences in healing of cartilage defects could
lead to different clinical treatments of OA in men and
women.

Some limitations of this study should be noted.
First, we used murine muscle–derived cells, not human
cells, and all male and female cells used in this study
were from healthy mice. Results using cells from older
human OA patients could be different. Second, although
we demonstrated the chondrogenic potential of BMP-
4–transduced MDSCs using in vitro and in vivo ap-
proaches, we did not test other BMPs, including BMP-2,
BMP-6, or BMP-7. These BMPs could be investigated in
the future.

In conclusion, our results suggest that M-MDSCs
have higher chondrogenic potential in vitro and induce
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more cartilage regeneration in an in vivo osteochondral
defect model than do F-MDSCs. We also observed that
M-MDSCs maintain their chondrogenic potential even
at high population doublings, in contrast to observations
with F-MDSCs. The fact that M-MDSCs contain a
higher number of Sca1� cells and maintain chondro-
genic potential throughout the time of culturing may
contribute to the observed sex difference in the chon-
drogenic potential of MDSCs. These results further the
understanding of the chondrogenic potential of MDSCs
and may contribute to the development of new thera-
peutic strategies for cartilage repair and regeneration.
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Blocking Vascular Endothelial Growth Factor With
Soluble Flt-1 Improves the Chondrogenic Potential of

Mouse Skeletal Muscle–Derived Stem Cells

Seiji Kubo,1 Gregory M. Cooper,1 Tomoyuki Matsumoto,1 Julie A. Phillippi,2 Karin A. Corsi,2

Arvydas Usas,2 Guangheng Li,2 Freddie H. Fu,3 and Johnny Huard1

Objective. To investigate the effect of vascular
endothelial growth factor (VEGF) stimulation and the
effect of blocking VEGF with its antagonist, soluble
Flt-1 (sFlt-1), on chondrogenesis, using muscle-derived
stem cells (MDSCs) isolated from mouse skeletal mus-
cle.

Methods. The direct effect of VEGF on the in vitro
chondrogenic ability of mouse MDSCs was tested using
a pellet culture system, followed by real-time quantita-
tive polymerase chain reaction (PCR) and histologic
analyses. Next, the effect of VEGF on chondrogenesis
within the synovial joint was tested, using genetically
engineered MDSCs implanted into rat osteochondral
defects. In this model, MDSCs transduced with a retro-
viral vector to express bone morphogenetic protein 4
(BMP-4) were coimplanted with MDSCs transduced to
express either VEGF or sFlt-1 (a VEGF antagonist) to
provide a gain- and loss-of-function experimental de-
sign. Histologic scoring was used to compare cartilage
formation among the treatment groups.

Results. Hyaline-like cartilage matrix production
was observed in both VEGF-treated and VEGF-blocked
(sFlt-1–treated) pellet cultures, but quantitative PCR
revealed that sFlt-1 treatment improved the expression
of chondrogenic genes in MDSCs that were stimulated
to undergo chondrogenic differentiation with BMP-4
and transforming growth factor �3 (TGF�3). In vivo
testing of articular cartilage repair showed that VEGF-
transduced MDSCs caused an arthritic change in the
knee joint, and sFlt-1 improved the MDSC-mediated
repair of articular cartilage, compared with BMP-4
alone.

Conclusion. Soluble Flt-1 gene therapy improved
the BMP-4– and TGF�3-induced chondrogenic gene
expression of MDSCs in vitro and improved the persis-
tence of articular cartilage repair by preventing vascu-
larization and bone invasion into the repaired articular
cartilage.

Articular cartilage is an avascular tissue with a
limited intrinsic capacity for regeneration. For this rea-
son, tissue engineering techniques to repair articular
cartilage have been extensively studied, and chondrocyte
transplantation already has become a clinical reality
(1–3).

For the repair of large cartilage defects caused by
osteoarthritis or rheumatoid arthritis, stem cells are
more attractive than primary chondrocytes because of
their superior capacity for self renewal, proliferation,
and resistance to stress (4–6). Several studies have
suggested that stem-like cells can undergo chondrogen-
esis and repair articular cartilage in experimental
cartilage-injury models, including studies using muscle-
derived stem cells (MDSCs) (7–11). Stem cells have
recently been used clinically for cartilage repair (12,13).

However, problems still surround the use of stem
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cells to repair cartilage. One of the most important
issues is the control of vascular endothelial growth factor
(VEGF) signaling during the chondrogenic differentia-
tion of stem cells. Previous research has shown that
VEGF treatment prevents condensation of chondro-
genic mesenchyme during early limb bud development,
through abnormal vascularization (14). The expression
of high levels of VEGF in the terminal stages of
chondrogenesis leads to endochondral ossification
through angiogenesis (15,16). Also, VEGF has been
shown to enhance endochondral bone formation elicited
by bone morphogenetic protein (BMP)–transduced
MDSCs in a model of ectopic bone formation (17).
VEGF expression by chondrocytes in osteoarthritic
joints may be related to cartilage destruction (18–24).
Furthermore, high doses of VEGF may induce the onset
and progression of arthritis (25–27). This theory is
supported by studies showing that treatment with solu-
ble Flt-1 (sFlt-1), a VEGF antagonist, decreased the
progression of arthritis in a mouse model (28,29). Taken
together, these results suggest that VEGF may be a
catabolic molecule for cartilage. Contrary to this inter-
pretation, VEGF has been shown to be necessary for
chondrocyte survival during cartilage development. In
VEGF-deficient mouse models, massive cell death was
observed in the joint and epiphyseal regions of cartilage
during cartilage development (30,31).

Despite these paradoxic results, the effects of
VEGF on stem cell–mediated chondrogenesis in vitro
and on cartilage repair in vivo have not been rigorously
investigated. Our current study used a gain- and loss-of-
function approach based on gene therapy techniques to
ascertain the role of VEGF in stem cell–mediated
cartilage repair. MDSCs were genetically engineered to
express human BMP-4, human VEGF165, or the VEGF
antagonist, sFlt-1. These cells were used to test the effect
of VEGF on MDSC-mediated cartilage repair in the
knee joint in an in vivo osteochondral defect model.

This study was designed to test the hypothesis
that increased VEGF expression within a healing osteo-
chondral defect will inhibit the persistence of cartilage
repair, and that blocking VEGF signaling using sFlt-1
will improve the quality and persistence of MDSC-
mediated cartilage regeneration. The effects on chon-
drogenesis of VEGF stimulation and blocking VEGF
signaling with sFlt-1 were studied, not only with respect
to the intrinsic chondrogenic capacity of stem cells, but
also within the more complex in vivo environment that
includes interactions with synovia, subchondral bone,
and adjacent cartilage in the knee joint.

MATERIALS AND METHODS

Isolation of primary MDSCs. MDSCs were isolated
from the hind limb skeletal muscle of 3-week-old male C57BL/
10J mice (The Jackson Laboratory, Bar Harbor, ME) via a
modified preplate technique that has been described previ-
ously (5).

Retroviral transduction. Retroviral vectors expressing
human BMP-4 (retro–BMP-4), VEGF (retro-VEGF), or
sFlt-1 (retro–sFlt-1) were generated by replacing the U3
region in the 5� long terminal repeat with the human cytomeg-
alovirus promoter, as previously described (8,17). MDSCs
were transduced separately with these retroviral vectors at a
multiplicity of infection of 5 in the presence of Polybrene (8
�g/ml). The transduced cells were expanded for 2 weeks before
being used in experiments, and conditioned medium was
sampled to determine transgene expression.

The level of BMP-4 secreted from the transduced cells
was estimated with a BMP-4 bioassay, as previously described
(32). The levels of VEGF or sFlt-1 secreted from the trans-
duced cells were measured using enzyme-linked immunosor-
bent assay (ELISA) kits (R&D Systems, Minneapolis, MN).

In vitro chondrogenesis. Pellet culturing was per-
formed as described previously (33). Cell pellets were made
with the following: 1) 1.4 � 105 nontransduced MDSCs and
1.4 � 105 BMP-4–expressing MDSCs (B4 group), 2) 1.4 � 105

VEGF-expressing MDSCs and 1.4 � 105 BMP-4–expressing
MDSCs (B4�VEGF group), 3) 1.4 � 105 sFlt-1–expressing
MDSCs and 1.4 � 105 BMP-4–expressing MDSCs (B4�sFlt-1
group), and 4) 2.8 � 105 primary chondrocytes derived from
the mouse knee (Chond group). Three more groups (groups 5,
6, and 7) were created using 2.8 � 105 nontransduced MDSCs.
Pellets from groups 1–4 were cultured in 0.5 ml of chondro-
genic medium that contained Dulbecco’s modified Eagle’s
medium supplemented with 1% penicillin/streptomycin,
10�7M dexamethasone, 50 �g/ml ascorbate-2-phosphate, 40
�g/ml proline, 100 �g/ml pyruvate, and 1% ITS� Premix
(Becton Dickinson, Franklin Lakes, NJ) with 10 ng/ml of
transforming growth factor �3 (TGF�3; R&D Systems).
Group 5 pellets (made with nontransduced cells) were cultured
in chondrogenic medium without the TGF�3 supplement (C
group). Group 6 pellets were fed with chondrogenic medium
without TGF�3 but with 50 ng/ml BMP-4 added (C�B4
group). Finally, group 7 pellets were fed with chondrogenic
medium supplemented with 10 ng/ml of TGF�3 (C�T group).
All pellets were incubated at 37°C in 5% CO2, and the medium
was changed every 2–3 days. Pellets were harvested after 7, 14,
and 28 days in culture.

Alcian blue staining. Pellets were fixed overnight in
10% neutral buffered formalin, dehydrated, embedded in
paraffin, and sectioned in 5-�m–thick slices. Pellet sections
were deparaffinized, placed in 3% acetic acid for 3 minutes,
and transferred into Alcian blue solution for 30 minutes. The
slides were then rinsed with running tap water for 10 minutes
and counterstained with nuclear fast red.

Real-time quantitative polymerase chain reaction
(PCR) analysis of pellet culture cells. Messenger RNA was
isolated using the RNeasy Plus Kit (Qiagen, Valencia, CA),
according to the manufacturer’s instructions. After RNA ex-
traction, real-time quantitative PCR analysis was carried out as
described previously (34,35). Gene expression levels were
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calculated based on the difference in threshold cycle (�Ct)
method (separate tubes). All target genes were normalized to
the reference housekeeping gene, 18S. 18S primers and probes
were designed by and purchased from Applied Biosystems
(Foster City, CA). Primers and probes were designed for type
II collagen, SOX9, and type X collagen, according to the
GenBank sequence. All target gene primers and probes were
purchased from Integrated DNA Technologies Inc. (Coral-
ville, IA).

Each experimental value is reported as the mean �
SEM results of triplicate treatments. For quantitative PCR
assays, the coefficient of variation (CV) was calculated from 3
assay replicates. For all treatment groups and target genes
analyzed, the CV did not exceed 3%. One-way analysis of
variance, followed by Tukey-Kramer’s post hoc test, was
performed to determine significance among treatment groups.
P values less than 0.05 were considered significant.

Repair of osteochondral defects. The policies and
procedures of our animal laboratory are in accordance with
those published by the US Department of Health and Human
Services. The research techniques used for these experiments
were approved by the Animal Research and Care Committee
at Children’s Hospital of Pittsburgh. Twenty-eight 10-week-old
nude rats (NIH-Whn NIHRNU-M; Taconic, Germantown,
NY) were used in this study. The rats were anesthetized via
exposure to 3% isofluorane and O2 gas (1.5 liter/minute)
delivered through an inhalation mask. The knee joint was
exposed by the medial parapatellar approach, and the troch-
lear groove was exposed by lateral dislocation of the patella. A
1.8-mm outer diameter trephine drill was used to create an
osteochondral defect (1.8 � 2.0 mm) in the trochlear groove of
each femur. MDSCs isolated from mouse skeletal muscle were
mixed with fibrin glue (Tisseel VH; Baxter Healthcare, Glen-
dale, CA) before transplantation.

The rats were divided into 7 treatment groups. The
defects in group 1 rats (no-cell control) were treated with
acellular fibrin glue, defects in group 2 rats (MDSC group)
were treated with 500,000 MDSCs embedded in fibrin glue,
defects in group 3 rats (VEGF group) were treated with
250,000 MDSC-VEGF cells plus 250,000 MDSCs embedded in
fibrin glue, defects in group 4 rats (sFlt-1 group) were treated
with 250,000 MDSC–sFlt-1 cells plus 250,000 MDSCs embed-
ded in fibrin glue, defects in group 5 rats (B4 group) were
treated with 250,000 MDSC-B4 cells plus 250,000 MDSCs
embedded in fibrin glue, defects in group 6 rats (B4�VEGF
group) were treated with 250,000 MDSC-B4 cells plus 250,000
MDSC-VEGF cells embedded in fibrin glue, and defects in
group 7 rats (B4�sFlt-1 group) were treated with 250,000
MDSC-B4 cells plus 250,000 MDSC–sFlt-1 cells embedded in
fibrin glue. Four defects (in 2 rats) were made for each group
(n � 4 knees per group). The rats were allowed to move freely
within their cages after surgery. Rats were killed 8 weeks or 16
weeks after surgery. Groups of rats that received VEGF
treatment were killed 8 weeks after surgery because the
deterioration of the knee joint impaired the ability of the rats
to move freely.

Histologic evaluation of cartilage repair. After quali-
tative macroscopic examination, 4 distal femora per group per
time point were dissected and fixed with 10% neutral buffered
formalin for 48 hours, followed by decalcification with 10%

EDTA for 2 weeks and paraffin embedding. Sagittal sections,
5 �m in thickness, were obtained from the center of each
defect and stained with Safranin O–fast green. The histologic
grading scale described by Sellers et al (36) was used to
evaluate the quality of the repaired tissue. All data are
expressed as the mean � SD. Differences in each category
and the total score were analyzed by Kruskal-Wallis and
Mann-Whitney U tests, using SPSS software, version 12.0.1
(SPSS, Chicago, IL). P values less than 0.05 were considered
significant.

RESULTS

Expression of BMP-4, VEGF, and sFlt-1 by
transduced MDSCs. To ensure that we had successfully
transduced the cells and induced protein secretion, we
tested the supernatant collected from transduced or
nontransduced cells, using either an activity bioassay
(for BMP) or an ELISA (for VEGF and sFlt-1). MDSCs
transduced with retro–BMP-4 secreted 327 ng/106

cells/24 hours, as detected by BMP-4 bioassay. MDSCs
transduced with retro-VEGF secreted human VEGF at
a mean � SD rate of 1.14 � 0.05 �g/106 cells/24 hours,
compared with nontransduced MDSCs, which secreted
mouse VEGF at a rate of 750 � 12.2 pg/106 cells/24
hours. Retro–sFlt-1–transduced MDSCs secreted sFlt-1
at a level of 2.1 � 0.004 ng/106 cells/24 hours.

In a separate set of experiments, 2.5 � 105

transduced or nontransduced cells were cultured in
3-dimensional micromass pellet culture for 48 hours,
the medium was collected, and VEGF expression was
tested using an ELISA. Medium from nontransduced
MDSC pellets contained 409.0 � 49.4 (mean � SD)
ng/ml of VEGF, which was significantly more than
primary chondrocytes (226.7 � 53.8 ng/ml) and signifi-
cantly less than cells transduced to express BMP-4 (B4
cells; 592.9 � 52 ng/ml).

Effect of VEGF and sFlt-1 on chondrogenic dif-
ferentiation of MDSCs. Histologic analysis was used to
determine whether the different mixtures of transduced
and nontransduced cells were capable of undergoing
chondrogenic differentiation in vitro. Histologic analysis
of tissues stained with Alcian blue showed that all of the
pellets from every group contained some well-
differentiated, round chondrocytic cells and also showed
some level of hyaline-like cartilage extracellular matrix
(ECM) production, as evidenced by positive Alcian blue
staining (Figure 1A). Nontransduced control MDSCs
(group C; Figure 1A) showed the least intense staining,
whereas primary chondrocytes (Chond group; Figure
1A) showed the largest amount of Alcian blue–positive
ECM. Pellets from the B4�VEGF group showed evi-
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dence of chondrogenesis peripherally, with a region of
fibrous, noncartilaginous tissue near the center of the
pellet, especially after 28 days in culture (B4�VEGF
group; Figure 1A). Together, these results suggest that
neither VEGF nor sFlt-1 inhibits the intrinsic chondro-
genic capacity of MDSCs.

In order to assess the expression of several chon-
drogenic marker genes under different in vitro experi-
mental conditions, we performed quantitative PCR ana-
lysis. Pellets from the B4�sFlt-1 group showed
significantly greater type II collagen and SOX9 gene
expression than the groups treated with BMP-4 or

BMP-4 plus VEGF at all time points, and showed higher
type X collagen gene expression than the B4�VEGF
group at 7 days and 28 days (Figures 1B–D). The
B4�VEGF group showed significantly higher type II
collagen gene expression than the B4 group at 14 days
(Figure 1B). It was also observed that the expression of
type II collagen decreased over time in the B4�sFlt-1
group; however, a similar trend was observed in the
primary chondrocyte control pellets (Figure 1B). Type I
collagen expression increased over time in the B4,
B4�VEGF and Chond groups but remained constant in
the group treated with B4�sFlt-1 (Figure 1E).

Figure 1. A, Alcian blue staining of pellets. Hyaline cartilage–like Alcian blue–positive matrix was observed in pellets created with chondrocytes
(Chond) or with muscle-derived stem cells (MDSCs) transduced to express bone morphogenetic protein (BMP-4; B4), a mixture of cells expressing
BMP-4 or vascular endothelial growth factor (VEGF; B4�VEGF), and in pellets with a mixture of cells expressing BMP-4 or soluble Flt-1 (sFlt-1;
B4�sFlt-1). Nontransduced cells (C) with BMP-4 (C�B4) or transforming growth factor �3 (C�T) added to the medium did not show similar matrix
formation. Chondrocyte-like round cells were observed in all groups in which cells were transduced (B4, B4�sFlt-1, B4�VEGF) and at all time
points (days 7, 14, and 28) but not in control pellet cultures (C, C�B4, C�T). The pellets cultured with BMP-4 plus sFlt-1 contained more
chondrocyte-like cells at all time points compared with the other groups. (Original magnification � 100.) B–E, Results of quantitative polymerase
chain reaction performed on cells cultured in 3-dimensional micromass pellet culture. Pellets created with a mixture of MDSCs expressing BMP-4
or sFlt-1 (B4�sFlt-1) demonstrated significantly higher type II collagen and SOX9 gene expression than other groups at all time points in culture.
Type X collagen expression was significantly higher in the B4�sFlt-1 group compared with the B4�VEGF group at 7 days and 28 days. Type I
collagen expression was highest in the B4�VEGF group at all time points. Bars show the mean and SEM.
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Effect of VEGF treatment on progression of
arthritis in the knee joint. In order to generally assess
the effects of our different treatments, we performed a

qualitative gross analysis of the knee joint at 8 weeks or
16 weeks postoperatively. Eight weeks after surgery, the
B4�VEGF group showed the appearance of arthritis

Figure 2. A, Macroscopic images of osteochondral defects 8 weeks after transplantation. Grossly,
the defects treated with either BMP-4 or a mixture of BMP-4– and sFlt-1–expressing cells appeared
more similar to the surrounding cartilage. Both groups treated with VEGF showed evidence of
cartilage destruction. B, Photomicrographs showing Safranin O staining of defect areas 8 weeks
postoperatively. Large areas of Safranin O–positive cartilage were noted in defects treated with
BMP-4. Although the defects treated with VEGF plus BMP-4 showed Safranin O–positive
cartilage, damage in other regions of the joint was observed. Each photomicrograph shows both a
high-magnification view (original � 200; top) and a lower-magnification view (original � 50;
bottom). See Figure 1 for definitions.
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Figure 3. A, Macroscopic images of osteochondral defects 16 weeks after transplan-
tation. Grossly, the defects treated with BMP-4 appeared to be healed with
cartilaginous tissue that resembled the surrounding articular cartilage. B, Photomi-
crographs showing Safranin O staining of defect areas 16 weeks postoperatively.
Both groups treated with BMP-4–expressing cells showed some Safranin O–positive
tissue in the defect region. The defects treated with a mixture of cells expressing
either BMP-4 or sFlt-1 (B4�sFlt-1) showed the best repair of tissue, based on
histologic analysis. Each photomicrograph shows both a high-magnification view
(original � 200; top) and a lower-magnification view (original � 50; bottom). See
Figure 1 for definitions.
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progression (Figure 2A). In the VEGF-treated group,
similar arthritis progression was observed. Groups that
were not treated with cells expressing VEGF showed no
signs of arthritis 8 weeks after surgery (Figure 2A).
Defects in the B4, B4�VEGF, or B4�sFlt-1 group
showed good coverage by cartilaginous tissue that was
well integrated with the surrounding cartilage. Defects
in groups that were not treated with BMP-4–expressing
cells were covered by connective tissue, and the surfaces
of those defects were concave compared with surround-
ing normal convex cartilage (Figure 2A). Between 8
weeks and 16 weeks after surgery, the knees treated with
cells expressing VEGF showed high levels of joint
destruction, inhibiting normal movement of the rats.
Therefore, rats in the VEGF or B4�VEGF group were
removed from the study before the 16-week postopera-
tive time point.

Sixteen weeks after transplantation, defects that
were not treated with BMP-4–expressing cells appeared
to be rough, and the margin between the defects and the
surrounding cartilage could be clearly identified (Figure
3A). Defects in the B4 or B4�sFlt-1 group still con-
tained smooth repaired tissue that was well integrated
with the surrounding cartilage. However, the group
treated with BMP-4 showed some mild cartilage erosion
(Figure 3A).

Improved cartilage formation in the sFlt-1–
treated group, by Safranin O staining. We used Safranin
O staining to highlight the glycosaminoglycan content in
the repaired region as an indicator of overall cartilage
health. Eight weeks after transplantation, defects in the
B4 or B4�sFlt-1 group contained Safranin O–positive
hyaline cartilage, and the subchondral area was replaced
by bone or cartilage. In contrast, defects in groups that
were not treated with BMP-4–expressing cells (no cell
control, MDSC only, VEGF, and sFlt-1 groups) were
covered and filled with undifferentiated mesenchymal
tissue or fibrous tissue (Figure 2B). Groups treated with
VEGF-expressing cells showed evidence of mild destruc-
tion, including pannus invasion, osteolysis, and cyst
formation in subchondral bone area, although the
B4�VEGF group did show Safranin O–positive hyaline
cartilage repair near the articular surface.

Sixteen weeks after transplantation, defects in the
control group showed eburnated bone covered by thin
fibrous tissue (Figure 3B). The MDSC-treated defects
showed undifferentiated fibrous tissue, while the
B4�sFlt-1 group showed the presence of cartilaginous
tissue that stained slightly positive with Safranin O. The
defects in the B4 and B4�sFlt-1 groups were covered by
Safranin O–positive cartilage, although the B4 group
showed less Safranin O–positive cartilage compared
with the B4�sFlt-1 group.

Figure 4. A, Total histologic scores for samples analyzed 8 weeks after surgery. Scores were significantly lower in the B4 and
B4�sFlt-1 groups compared with all other treatment groups and were significantly higher in the B4�VEGF group compared
with all other groups. B, Total histologic scores for samples analyzed 16 weeks after surgery. Statistical analysis of the total
scores showed that the group treated with BMP-4 plus sFlt-1 had significantly lower scores than all other groups tested. Bars
show the mean and SD. � � P � 0.05. See Figure 1 for definitions.
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Usefulness of blocking VEGF in cartilage repair,
as supported by histologic scoring. We evaluated artic-
ular cartilage repair semiquantitatively, using a previ-
ously described histologic grading system, in order to
better characterize the types of tissue that formed within
the defects. In this system, 7 histologic categories (filling
of defect, integration to adjacent tissue, Safranin O
staining, cellular morphology, architecture within defect,
architecture of surface, subchondral bone replacement,
and tidemark formation) are evaluated and scored. The
total score ranges from 0 (normal articular cartilage) to
31 (no repair) (36).

In general, 8 weeks after implantation, defects
treated with BMP-4 showed improved healing compared
with defects that were not treated with BMP-4 (Figure
4A and Table 1). Among the groups treated with
BMP-4, defects that were also treated with cells express-
ing sFlt-1 (B4�sFlt-1) showed the lowest scores, sug-
gesting that the repaired cartilage was most histologi-
cally normal in this group.

The total score for the B4�sFlt-1 group was
significantly lower (histologically more similar to nor-
mal, undamaged cartilage) than that for all other groups
(Figures 4A and B and Table 1). The total score for the
B4 group was lower than that for the control group, the
MDSC group, and the sFlt-1–only group. Also, the total
score for the sFlt-1 group was lower than that for the
control group.

DISCUSSION

VEGF signaling has been shown to play impor-
tant roles during endochondral bone formation, apopto-

sis, osteophyte formation, and cartilage destruction in
the osteoarthritic joint (15,16,18–24). Furthermore,
VEGF has been shown to be one of the most important
factors that can cause arthritis (25–27). These data
support the idea that VEGF is related to cartilage
destruction. However, it also has been shown that VEGF
is important for stem cell and chondrocyte survival
during limb bud development (30,31), and that blocking
VEGF signaling can suppress BMP-4–induced endo-
chondral bone formation by MDSCs (17). Therefore,
the role of VEGF during stem cell–mediated chondro-
genesis needs to be better understood.

To gain insight into the paradoxic effects of
VEGF, in the current study, we first tested the in vitro
chondrogenic ability of MDSCs, using a 3-dimensional
pellet culture system in chondrogenic medium with 10
ng/ml of TGF�3. Using this system, it was possible to
determine the direct effect of VEGF on the intrinsic
capacity of MDSCs to undergo chondrogenic differen-
tiation. Specifically, the system enabled the determina-
tion of whether VEGF secretion by differentiated chon-
drocytes can cause intrinsic cartilage resorption, and
whether inhibition of VEGF signaling by sFlt-1 could
prevent chondrogenic differentiation of MDSCs. Hya-
line cartilage–like matrix production was observed by
histologic evaluation of pellets from the group treated
with BMP-4 plus VEGF, as evidenced by Alcian blue–
positive staining after 7, 14, and 28 days in culture
(Figure 1A). Also, it was observed that coculture of
VEGF-expressing cells with BMP-4–expressing cells did
not alter the expression of chondrogenic genes (type II

Table 1. Histologic scores for cartilage repair at 8 weeks and 16 weeks after surgery*

Group
Filling

of defect

Integration
to adjacent

tissue
Safranin O

staining
Cellular

morphology
Architecture
within defect

Architecture
of surface

Subchondral
bone

replacement
Tidemark
formation

Total
score

8 weeks
Control 1.25 � 0.5 0.50 � 0.6 4.00 � 0.0 5.00 � 0.0 0.25 � 0.5 1.75 � 0.5 3.00 � 0.8 4.00 � 0.0 19.75 � 1.7
MDSCs 0.75 � 1.0 0.00 � 0.0 3.25 � 0.5 4.50 � 0.6 0.25 � 0.5 1.00 � 0.8 3.50 � 0.6 4.00 � 0.0 17.25 � 1.7
VEGF 2.50 � 1.0 2.50 � 0.6 4.00 � 0.0 5.00 � 0.0 3.00 � 0.8 2.50 � 1.0 4.00 � 0.0 4.00 � 0.0 27.50 � 2.5
sFlt-1 1.50 � 0.6 0.00 � 0.0 3.25 � 0.5 4.75 � 0.5 0.75 � 1.0 1.25 � 0.5 3.00 � 1.2 3.50 � 0.6 18.00 � 2.6
BMP-4 0.00 � 0.0 0.00 � 0.0 0.75 � 0.5 2.00 � 0.0 0.00 � 0.0 1.00 � 0.0 1.50 � 1.3 3.75 � 0.5 9.00 � 1.6
BMP-4�VEGF 0.00 � 0.0 1.25 � 1.0 1.75 � 1.0 2.50 � 1.3 3.50 � 1.0 2.50 � 1.0 4.00 � 0.0 3.50 � 1.0 19.00 � 2.2
BMP-4�sFlt-1 0.00 � 0.0 0.00 � 0.0 1.75 � 1.3 1.50 � 1.0 0.00 � 0.0 0.75 � 1.0 1.75 � 1.3 2.00 � 0.8 7.75 � 4.4

16 weeks
Control 3.25 � 1.0 2.00 � 1.2 4.00 � 0.0 5.00 � 0.0 3.00 � 2.0 1.50 � 0.6 4.00 � 0.0 4.00 � 0.0 26.75 � 4.3
MDSCs 1.75 � 1.0 0.00 � 0.0 3.50 � 0.6 5.00 � 0.0 1.25 � 1.9 1.50 � 0.6 4.00 � 0.0 4.00 � 0.0 21.00 � 2.7
sFlt-1 0.75 � 0.5 0.00 � 0.0 3.00 � 0.8 4.75 � 0.5 0.00 � 0.0 1.25 � 1.0 3.75 � 0.5 3.50 � 0.6 17.00 � 3.4
BMP-4 0.50 � 1.0 0.50 � 0.6 2.50 � 0.6 3.00 � 0.8 0.00 � 0.0 1.25 � 0.5 3.00 � 0.0 3.00 � 0.8 13.75 � 1.9
BMP-4�sFlt-1 0.00 � 0.0 0.00 � 0.0 1.50 � 0.6 0.50 � 0.6 0.00 � 0.0 1.00 � 0.0 1.25 � 1.0 1.50 � 0.6 5.75 � 1.7

* Values are the mean � SD. The histologic grading scale described by Sellers et al (36) was used to evaluate the quality of the repaired tissue. The
total score ranges from 0 (normal articular cartilage) to 31 (no repair). MDSCs � muscle-derived stem cells; VEGF � vascular endothelial growth
factor; sFlt-1 � soluble Flt-1; BMP-4 � bone morphogenetic protein 4.
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collagen, type X collagen, and SOX9) compared with
culture with BMP-4 alone (Figures 1B and C).

These results suggest that VEGF does not pre-
vent the chondrogenic differentiation of BMP-4–
transduced MDSCs in pellet culture after stimulation
with chondrogenic medium containing 10 ng/ml of
TGF�3. These results seem to be in agreement with
previous studies of the effect of VEGF on micromass
culture of mesenchymal cells from the chicken limb bud
(14). More importantly, it was observed that the pres-
ence of sFlt-1–expressing cells within the pellets further
enhanced the chondrogenic differentiation of BMP-4–
expressing MDSCs at all time points, as shown both
histologically (Figure 1A) and by gene expression (Fig-
ures 1B and C). These results suggest that blocking
VEGF with sFlt-1 does not prevent in vitro chondrogen-
esis of BMP-4–transduced MDSCs in pellet culture but,
in fact, improves the expression of chondrogenic marker
genes by MDSCs induced to undergo chondrogenic
differentiation. Although sFlt-1 does not block the ex-
pression of VEGF by MDSCs, it blocks VEGF activity
after it is secreted, suggesting either a potential benefi-
cial effect of blocking VEGF activity on chondrogenesis
or that sFlt-1 influences chondrogenesis through an
unknown mechanism independent of VEGF.

In addition, this study used an in vivo transplan-
tation experiment to provide information about the
effect of VEGF on the BMP-4–induced chondrogenic
ability of MDSCs, using a gain- and loss-of-function
experimental design. MDSCs were exposed to the more
stressful environment of the synovial joint, where matrix
production is normally strongly suppressed. Further-
more, a complete assessment of healing can be obtained
in this model, because the local environment in which
cartilage regeneration must be elicited was preserved.

Eight weeks after surgery, the BMP-4–treated
groups, regardless of the presence or absence of VEGF
activity, showed better cartilage repair macroscopically
on the surface of the defect than groups not treated with
BMP-4 (Figure 2A). By Safranin O staining, the re-
paired tissue seemed to resemble hyaline cartilage (Fig-
ure 2B). The difference in the histologic scores between
the 3 BMP-4–treated groups was mostly attributable to
pannus invasion into the subchondral region and oste-
olysis of the subchondral bone, which affected the
histologic scores for “architecture within defect” and
“subchondral bone formation” (Figure 2B and Table 1).
This result suggests that even in the synovial joint,
VEGF will not prevent the BMP-4–induced chondro-
genesis mediated by MDSCs, but that VEGF can cause
osteolysis and pannus invasion through the activation of

cells related to osteolysis and synovial hypertrophy.
However, the VEGF-treated groups were given mark-
edly worse total scores than groups that had no VEGF
treatment or received sFlt-1 treatment (Table 1). Inter-
estingly, when comparing the group treated with BMP-4
plus VEGF with the VEGF group, osteophyte formation
was seen only in the group that received BMP-4 plus
VEGF, although both groups commonly showed arthri-
tis development, including an increased amount of joint
fluid, synovial hypertrophy, and pannus invasion into
cartilage and bone (Figures 2A and B). Regardless of
the presence or absence of BMP-4 treatment, the results
suggest that treatments for articular cartilage repair that
involve VEGF should be avoided.

Sixteen weeks after surgery, the BMP-4–treated
groups showed improved healing, both macroscopically
and microscopically, compared with the groups that
were not treated with BMP-4 (Figure 3B and Table 1).
This result supports a previous report by our group (8).
In addition, the group treated with BMP-4 plus sFlt-1
showed significantly better histologic scores compared
with the group treated with BMP-4 only, which resulted
from improved scores in the “cellular morphology,”
“subchondral bone formation,” and “tidemark forma-
tion” categories. These scores were affected by the
invasion of bone into regions that were cartilaginous 8
weeks after surgery (Figures 3A and B). The improved,
but suboptimal, repair of cartilage through the addition
of BMP-expressing cells has been suggested in previous
reports (37). The inhibition of vascular invasion by sFlt-1
could be a factor that led to improved scores in these
categories. Moderate osteophyte formation was ob-
served only in the BMP-4 group. It is possible that
endogenous VEGF expression combined with BMP-4
treatment might play a role in the formation of osteo-
phytes as time progresses.

The results of the current study are consistent
with those of previous studies demonstrating that VEGF
triggers cartilage destruction (18–24). Furthermore, this
study suggests that the destruction observed following
the implantation of VEGF-expressing cells was caused
by extrinsic environmental changes rather than via direct
effects on chondrogenic differentiation of the implanted
MDSCs. This hypothesis is supported by the observa-
tion that the addition of VEGF did not inhibit MDSCs
from undergoing chondrogenic differentiation in vitro
(Figure 1).

In contrast, sFlt-1 improves BMP-4– and TGF�3-
induced chondrogenic gene expression of MDSCs in
vitro and improves the persistence of articular cartilage
repair by preventing angiogenesis that can lead to the
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invasion of bone into cartilage. However, in this study,
no differences were observed between any of the groups
in the histologic score for “architecture of surface.” This
result suggests that growth factors other than BMP or
VEGF are needed to fully repair cartilage at the artic-
ular surface. In conclusion, sFlt-1 treatment combined
with BMP-4 treatment of MDSCs is a potential therapy
for cartilage repair that may improve the quality and
persistence of articular cartilage repair.
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